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PREFACE
The distinguished authors of these tectonic studies, which span the United States from  the 
Atlantic continental shelf margin to  the Pacific coast, need no introduction to the geologic 
profession. Each was selected as a participant in the V. H . M cN utt-G eology Departm ent Collo­
quium  because of his intimate knowledge and thorough research on the tectonic developm ent of 
the area on which he reports. The authors publicly presented their papers during the Spring of 
1966 on the campus of the University of Missouri at Rolla (form erly University of Missouri 
School of M ines and M etallurgy). The colloquium  volum e is unique in that such a distinguished 
group could be assembled and that each would consent to  prepare his oral report for publication.
The “ Geologic and Crustal Cross Section of the United States Along the 37th Parallel,'* 
published in 1965 by W . Hamilton and L. C. Pakiser as United States Geological Survey M is­
cellaneous Geologic Investigations M ap 1-448, gives a broad geological and geophysical inter­
pretation of the upper mantle and crust. The detailed reports and excellent illustrations in this 
volum e should add needed details to  the above generalized section and should lead to a better 
understanding of the tectonic developm ent of this portion of the North American continent. 
H opefully, the study can be used b y  the geologic profession and students as a reference.
Publication of these studies as the initial contribution of a continuing colloquium  series 
is the culmination of the efforts and contributions of m any people. Foremost among them is 
M rs. V. H. M cN utt, o f Gallagher Ranch, San Antonio, Texas. The colloquium  series has been 
m ade possible through her generosity and love for the Geology Departm ent of the Missouri 
School of M ines and M etallurgy. In m em ory of Vachel Harry M cN utt, student and former 
facu lty  member of the school, her husband and partner in developing the oil and mineral resources 
o f the United States, and discoverer of the great potash deposits at Carlsbad, New M exico, she 
nam ed the G eology Department as beneficiary of the one million dollar V. H . M cN utt M emorial 
it'oundation, the incom e to  be used b y  the department.
M embers of the V . H. M cN utt Committee hope that this publication will be one way of 
helping the geologic profession benefit from  some of the material wealth obtained b y  V. H . 
M cN utt during his career through his practical understanding and use o f geologic structures 
and stratigraphy.
The V. H. M cNutt Committee— 1966
T. R , Beveridge
D , Li, Frizzell
R. E , Morgan
P . D . Proctorf Chairman
A , C. Spreng
The Atlantic Continental M argin ’
B r u c e  C . HEEZENf
U M R  Journal, No. 1 (April 1968)
ABSTRACT
Turbidity currents, surface, and subsurface currents carry detritus from the land across the conti­
nental shelf to the adjacent continental slope where slumps and turbidity currents transport the sediment 
downslope for hundreds of miles to greater depths, and deep geostrophic contour currents transport it 
thousands of miles down-current in a direction parallel to the bathymetric contours. The combined effect 
of these processes has been to create a wide, thick, geosynclinal apron of sediment at the base of the 
continental slope.
Subsidence of the continental shelf has continued since mid-Mesozoic, carrying down Lower Creta­
ceous reefal limestones to depths of 5,000 meters off Florida. The subsidence of the Atlantic continental 
margin and the basement of the continental rise geosyncline apparently commenced in mid-Mesozoic 
time with the creation of abyssal depths in the steadily expanding Atlantic.
IN T R O D U C T IO N
What is a continental m argin? F irst o f all 
it is a transition which separates the two 
principal hypsom etric levels o f the earth. It is 
where the thick continental crust abruptly 
ends. To the continental drifter, it is either 
the broken edge at the rear o f  a drifting 
continent or the crumpled load ahead o f a bull­
dozing continental mass. To the annular ac- 
cretor, it  is either the edge of the most re­
cently consolidated ring or a filling geosyncline 
making ready fo r  the next consolidation. What 
it  is in a tectonic sense largely depends on the 
viewer's geophilosopy. However, there are 
some facts which must be fitted into any hy­
pothesis.
The geological investigation o f the Atlantic 
continental m argin o f  the United States began 
w ith the early hydrographic surveys o f  the 
nineteenth century. The continental shelf was 
charted. Submarine canyons were discovered. 
Beginning in the 1880's, fishermen began 
bringing in rocks o f  Tertiary and Cretaceous 
age which they obtained on the continental 
slope, prim arily in submarine canyons off 
the fishing banks. In the twentieth century, 
w ith the introduction of precision naviga­
tional systems, the United States Coast and 
Geodetic Survey did detailed, precision-con- 
trolled, bathym etric charting o f  the entire 
continental m argin o f  the United States from  
Georges Bank to Cape Hatteras. These sur­
veys revealed the detailed character o f  the 
submarine canyons and encouraged many in­
vestigators to make further studies.
Am ong these investigations are the impor­
tant works o f  Shepard (1934) and Stetson
(1936, 1938). Upon the founding o f the 
W oods Hole Oceanographic Institution in the 
early 1930’s, Stetson began an active program  
o f dredging in the Georges Bank submarine 
canyons in order to determine the positions 
and depths o f  the outcrops o f  Tertiary and 
Late Cretaceous rocks. In his coring program  
on the continental slope between Georges 
Bank and Hudson Canyon, he recovered a 
few  cores o f  Miocene and Eocene unconsoli­
dated sediments, suggesting that outcrops 
were frequent on the continental slope (S tet­
son, 1949).
During the* 1930’s, an active geophysical 
program  was begun by M aurice Ew ing and 
his collaborators (1937-1956) which led to the 
publication o f  a series o f  ten papers entitled 
“ Geophysical Investigations o f  the Em erged 
and Submerged Atlantic Coastal P lain” . These 
papers, prim arily based on seismic refraction 
and reflection investigations, revealed the 
structural form  o f  the continental m argin.
A fter  W orld W ar II, the continental margin 
received much more attention. Over 400 sedi­
ment cores were taken in deep water (E ricson  
and others, 1961), thousands o f  miles o f  con­
tinuous seismic reflection profiles were ob­
tained (E w ing and Ewing, 1964), and pre­
cision high resolution echo soundings revealed 
the detailed character o f the m orphology (H ee­
zen and others, 1959).
The continental m argin includes those phys­
iographic provinces o f  the continents and o f 
the oceans that are associated with the bound­
ary between the tw o first-order, m orphologic 
features o f  the earth (F ig . 1 ). Three cate­
gories o f  continental-margin provinces (H ee-
^Latnont Geological Observatory Contribution No. 1145
t  Associate Professor of Geology, Department of Geology and Lamont Geological Observatory, Columbia University, Palisades, New York. 
Regrettably the list of those whose efforts should be acknowledged is much too long to print here. I must, however, mention the particular 
eontrib^Htions of the following: C. L. Drake^ C. D. Hollister, R. J. Menzies, R. Sheridan, and Marie Tharp. The preparation of this paper 






Fig. 1. The three major morphologic divisions of the ocean, illustrated by a trans-Atlantic profile from New England 
to the Spanish Sahara (after Heezen and others, 1959).
zen and others, 1959) can be distinguished:
1) submerged portions o f  the continental 
block; 2) the steep, seaward edge o f  the con­
tinental block; and 3) the m argins o f  the 
ocean floor (F ig . 2 ). A t first glance, the con­
tinental m argin seems to have a great diver­
sity of m orphologic expression. On this basis, 
it has been generally in ferred that radically 
different tectonic processes have been exerted 
from  place to place along the continental mar­
gin. However, when com paring continental- 
m argin profiles, it is found that this great 
diversity in m orphological form  is largely lim­
ited to the m argins o f the ocean floor (F ig . 
3 ) . This com plexity largely disappears when 
the seism ic-refraction results fo r  this area are 
examined in m ore detail.
In their summary and synthesis o f all geo­
physical investigations carried out on the east­
ern continental m argin o f  N orth Am erica be-
in the Category III provinces, particularly in that portion of Category III closest to the boundary of the Category 
II provinces (after Heezen and others, 1959).
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Pig. 3. Three structural profiles of the eastern continental margin of North America (after Drake and others, 1959).
tween 1936 and 1956, Drake and others (1959) 
delineated two thick linear accumulations of 
sediment. One o f  these sedimentary accumula­
tions lies beneath the present continental shelf, 
the other was found beneath the upper con­
tinental rise, very close to the base o f  the 
continental slope. Thicknesses of 5 to 10 km 
(F igs . 3 and 4) w ere found in these two 
bands. Drake and others (1959) drew an 
analogy between these two sedimentary ac­
cumulations and the classic m iogeosyncline 
and eiigeosyncline as defined by Stille and 
K ay. In a now classic diagram  (F ig . 5 ) , they 
com pared isopachous profiles o f the present 
continental m argin w ith  the reconstructed pro­
file oj^  the Appalachian geosyncline worked out 
by  Kay (1951 ). They in ferred that the sedi­
mentary accumulation beneath the continental 
shelf could be com pared w ith the m iogeosyn­
cline j|,nd that the sediments contained in this
geosynclinal accumulation must largely belong 
to the orthoquartzite suite which contains 
limestones and quartz-arenites and is largely 
devoid o f  volcanic rocks and graywackes. This 
inference was based in part on results o f bor­
ings on the emerged coastal plain o f  the east­
ern United States and on dredgings on the 
continental slope where outcrops o f  older con­
tinental shelf sediments frequently occur. A ll 
the sediments found in the drill holes and out­
crops range in age from  Early Cretaceous to 
late Tertiary  and can be ascribed m ore or less 
to the orthoquartzite suite. The assignment o f  
the great sedimentary lenses at the base o f  
the continental slope to  the eugeosynclinal 
suite is m ore problematical. N o drill holes have 
been made in this area o f deep water, rocks 
rarely have been dredged from  these depths, 
and sedim ent cores seldom penetrate through 
the Recent and Quaternary hem ipelagic sedi-
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Fig. 4. Sediment thickness in the continental margin and ocean basin floor off northeastern North America (after 
Heezen and Drake, 1963).
ments. Occasionally, however, dredging on the 
walls o f continental rise  subm arine canyons 
has revealed the existence o f  Miocene sedi­
ments w hich  largely consist o f  green, pyritic, 
silty, foram in ifera l lutites w hich can be de­
scribed as hem ipelagic.
O ff N ew  England, a line o f  seamounts 
crosses the continental m argin and extends fo r  
several hundred miles out to sea. These sea­
mounts w ere certainly ancient volcanoes, and 
during th eir  active phase volcanic m aterial 
must have spread considerable distances from  
their bases. Thus it seems likely that these 
volcanoes could have contributed the volcanic 
rocks w hich  are characteristic o f  a eugeosyn- 
cline.
TURBIDITY CU RREN TS
The flysch and graywackes which are char­
acteristic o f  eugeosynclines have been in ter­
preted as the products o f turbidity current 
deposition, and flysch certainly bears a close 
sim ilarity to  many modern, deep-sea sediments
(N esteroff and Heezen, 1960). A s early as the 
late nineteenth century, Foriel suggested that 
the sablacustrine channel o f  the Rhone in Lac 
Leman was form ed by a type o f  bottom  cur­
rent w hich m ight now be called a turbidity 
current. The mechanism he envisaged was that 
the cold, sediment-laden, river w ater which 
seasonally flows beneath the lake waters pro­
duces the characteristic leveed channel which 
occurs off the Rhone in eastern Lac Leman. 
Daly (1936) revived the turbidity  current 
idea as an explanation fo r  the submarine 
canyons which had up to that tim e been pri­
m arily interpreted as products o f  subaerial 
erosion at a tim e o f  lowered sea level. Daly's 
idea interested several investigators who made 
both model experim ents and investigations in 
freshw ater reservoirs and who found consid­
erable evidence in favor o f  the hypothesis. 
However, fo r  10 or more years none o f  the 
experiments produced currents that could 
erode, and no evidence was found o f  the occur­
rence o f  turbidity  currents in the ocean.
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Sediment cores taken in 1947 and 1948 from  
subm arine canyons and abyssal plains revealed 
detrital beds containing shallow-water Fo- 
ram inifera, coarse silts and sands, and even 
gravel (E ricson  and others, 1952). This mate­
rial was first interpreted as evidence o f a great 
eustatic low ering o f sea level. However, it is 
not possible to lock up that much water in con­
tinental glaciers. Finally this idea had to be 
abandoned when it was found that normal 
pelagic sedim entation had gone on in shallower 
areas between canyons while vigorous trans­
portation had been goin g on in the canyons. 
Thus a case fo r  turbidity currents on the 
deep-sea floor em erged from  the study o f  the 
sediment cores; however, many geologists and 
oceanographers remained unconvinced, and 
numerous alternative hypotheses were put fo r ­
ward. Obviously what was needed was evidence 
o f  modern, turbidity current activity on the 
deep-sea floor.
Heezen and E w ing (1952) in ferred  that the 
cable failures which occurred follow ing the 
1929 Grand Banks earthquake were due to 
the m otion downslope of turbid ity  currents 
w hich converged from  various sources near
the epicenter and flowed along a broad fron t 
over 200 miles w ide fo r  a distance o f  more 
than 300 miles to the south.
A  series o f  sedim ent cores later revealed an 
uppermost graded layer o f  sediment on the 
abyssal plain south o f the epicenter. From  the 
sequence and interval between the successive 
breaks, it was possible to determ ine the ve­
locity o f  the current. The velocity turned out 
to be amazingly high, being over 50 knots on 
the continental slope and over 14 knots at the 
base o f  the continental rise. These h igh veloci­
ties were hard to comprehend and w ere not at 
first accepted. Som e claimed that the sequence 
and pattern were m erely coincidental. In 1954, 
an earthquake occurred in A lgeria  that pro­
duced a similar sequence o f breaks in the 
M editerranean and revealed sim ilar velocities. 
A  search through old records revealed that the 
1908 Messina earthquake had produced one 
later cable break which suggested a current 
traveling at an average velocity o f m ore than 
10 knots over a distance o f  100 miles (Ryan 
and Heezen, 1965).
A  number o f m a jor rivers o f  the world fr e ­
quently produce turbid ity  currents at their
(a)
(b)
CONTINENTAL MARGIN SECTIONS-SEDIMENT THICKNESS 
lOO FATHOM LIN E
Fig. 5. Paleozoic and modem geosynclines: a) Isopachous sections off the east coast of North America (after 
Drake and others, 1959); b) Restored geosynclinal section of the Appalachian geosyncline in eastern North America 
(after Kay, 1951). Three categories of physiographic provinces are indicated in the top profile. Note that the 
inner, or miogeosynclinal thickness of sediment occurs below the continental shelf, that the basement ridge be­
tween the two troughs lies beneath the continental slope, and that the eugeosynclinal thickness correlates well 
with the deep trough on the landward margin of the continental rise. The typical orthogeosyncline as depicted 
in the restored profile of the Appalachian geosyncline seems to be duplicated in the sediment-filled troughs of 
the continental margin off eastern North America. Similar patterns have been found elsewhere in the continental 
mar (^ins in other parts of the world..
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mouths. The m ost notable are the Congo and 
Magdalena, each o f which cause some 50 in­
dividual flows per century. In terms o f  the 
form ation o f  subm arine canyons and deep-sea 
sediment cones and fans, the turbidity cur­
rents occurring off the mouths o f rivers have 
a great importance. The river collects the sedi­
ment, brings the sediment to the river mouth, 
and may trigger the flow. In such favored lo­
cations, turbidity currents can occur at rela­
tively short intervals, each from  a single 
source, and, conceivably, can erode canyons in 
the continental slope and can build alluvial 
plains and deep-sea channels on the margin 
o f  the ocean floor.
It is now  widely held that the continental 
rise was constructed at the foo t  o f  an origin ­
ally faulted continental slope by a series of 
coalescing deep-sea fans or cones built by 
downslope, turbidity current transport at the 
mouths o f  submarine canyons (Menard, 1955) 
and by the seaward diffusion o f  very fine ter­
rigenous lutite through the water column. This 
simple picture, although essentially correct, 
cannot be complete, fo r  it fa ils  to explain the 
nearly identical form  o f successive profiles 
across the continental rise and the character­
istic lack o f  irregularities seen on profiles of 
the continental rise in most parts o f  the world, 
and it com pletely fails to explain the huge sed­
iment drifts  found east o f the Bahamas, F lor­
ida, Georgia, and the Carolinas.
C O N T O U R  CURRENTS
Recent investigations indicate that contour­
follow ing bottom  currents involved in the deep 
thermohaline circulation o f the world ocean 
are perhaps the most im portant factor in the 
transportation and deposition o f  sediments on 
the continental rise and that the currents prob­
ably shape the continental rise  and the associ­
ated sedim entary drifts (outer rid ges).
The continental rise, a broad, uniform , 
gently sloping and sm ooth-surfaced wedge o f 
sediments, 100 to 1,000 km wide and 1 to 10 
km thick, is covered w ith— and may be largely 
composed o f— ^monotonously homogeneous gray 
lutites. These terrigenous sediments were de­
posited at com paratively h igh  rates. Postgla­
cial rates ranged from  5 to 50 cm per 1,000 
years, and even higher rates predominated 
during the Pleistocene. Identifiable turbidites 
constitute a small proportion o f the glacial 
and postglacial sediments o f  the continental 
rise (E ricson  and others, 1961; Heezen and 
others, 1959). Because hemipelagic lutites are 
derived almost entirely from  the denudation of 
land, a seaward diffusion o f lutite is generally
assumed, but transporting mechanisms and 
direction o f  transport are difficult to infer.
The continental rise o ff the eastern United 
States merges south o f Cape Hatteras with the 
broad, southeasterly plunging Blake-Bahama 
Outer Ridge. Seism ic investigations (K atz and 
Ewing, 1956; H ersey and others, 1959; Ew ing 
and Ewing, 1964) indicate that this southward 
extension o f  the continental rise is an unde­
form ed sedim entary wedge similar in seism ic 
velocity and geologic structure to the normal 
continental rise, sedim entary wedge found fa r ­
ther north.
The outer ridge is separated from  the con­
tinent by the Blake-Bahama Basin and by the 
broad Blake Plateau (F ig . 6 ) . Terrigenous 
sediments derived from  southeastern United 
States are barred from  the eastern Blake P la­
teau, the Blake Escarpment, and the western 
Blake-Bahama Basin by the vigorous north­
erly transport o f the Gulf Stream w hich flows 
at velocities o f 100 to 300 cm /sec along the 
western m argin o f  the Blake Plateau. Thus 
the existence o f the accumulation o f a conti­
nental-rise-type sediment, 1,000 km seaward 
o f Florida, suggests a north-to-south abyssal 
transport o f  terrigenous sediments.
The grow ing G ulf Stream draws over 12 
million m^/sec o f the Antilles Current (W iist, 
1924, 1933, 1957; Stommel, 1965) across the 
Blake Plateau. Transportation by this westerly 
flow may account fo r  the relatively thin ve­
neer o f Recent sediments and the frequent 
exposure o f Tertiary and Mesozoic marls on 
the Blake Plateau and Blake Escarpment. Nu­
merous unconform ities w ere encountered in 
the reduced Tertiary carbonate section pene­
trated by five shallow drill holes (Bunce and 
others, 1965). This suggests that a vigorous 
but fluctuating westerly transport had per­
sisted throughout the Tertiary. Some o f  this 
detritus, including all o f the bedload, must be 
deposited somewhere near Cape Hatteras 
where the G ulf Stream flows into the deep 
A tlan tic ; but, there are no obvious topo­
graphic features directly east o f  Cape Hat­
teras which m ight represent a pile o f detritus. 
Although the Gulf Stream apparently has lo­
cally eroded the Blake Plateau, the stream 's 
main effect has been to prevent terrigenous 
deposition seaward and to inhibit deposition 
o f  the normally thin pelagic carbonate oozes.
Slope water off northeastern North Am erica 
is bluish or grayish  green, while the Gulf 
Stream and Sargasso Sea are a clear deep 
ultramarine. Slope water, which north o f  Hat­
teras lies at the surface between the Gulf 
Stream and the continental slope and laps up
U M R Journal, No. 1 (April 1968)
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CONTOUR CUNNCNT
Pig. 6. Bottom currents and sediments on the Blake Plateau and Blake-Bahama Outer Ridge. Short-crested ripples, 
manganese nodules, and Tertiary outcrops are found beneath the Gulf Stream which acts as a barrier to seaward 
transport of terrigenous sediment. The outer ridge is formed by rapid deposition of lutite from the southerly 
flowing sediment-laden Western Boundary Undercurrent which flows parallel to the contours. Thirty-three 
additional photographic stations (not shown) obtained from R /V  Eastward in March, 1966, further support the 
current pattern indicated (after Heezen and others, 1966).
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on the continental shelf, not only supports a 
m uch rich er b iota  than the Sargasso Sea, but 
it also contains at least an order o f  m agnitude 
m ore suspended m atter and is, th erefore , a 
potentially  sign ificant interm ediate source of
terrigenous lutite. B ottom  w ater velocities on 
the continental shelf alm ost always exceed 
those required fo r  the erosion  and tran sporta ­
tion o f  silt and clay. Thus lutite, eroded from  
the continents, largely  bypasses the continental
Fig. 7. Bottom photographs of the Blake Plateau and Blake-Bahama Outer Ridge. (A) Tranquil bottom on crest 
of outer ridge near base of continental slope. In this area, four stations reveal abundant life and no current evi­
dence. E41-58-1; 2,164 m; 32° 24' N., 76° 18' W. (B) Current lineation east of crest of the outer ridge. At 14 sta­
tions from both the eastern side of the outer ridge between 3,000 and 5,000 m and from the base of the continental 
slope off North Carolina, abundant lineations indicate a southerly current flowing precisely parallel to the contours. 
The compass is 10 cm in diameter. E41-49-8; 3,975 m; 31° 42' N., 74° 49' W. (C) Short-crested current ripples 
beneath the Gulf Stream on the Blake Plateau. Surface of the Blake Plateau is characterized by rippled sand, 
manganese nodules, or manganese-encrusted tabular outcrops of Tertiary sediment. E19-D; 872 m; 30° 52' N., 
78° 41' W. (D) Current lineations made by the southerly flowing Western Boundary Undercurrent east of the 
crest of the outer ridge near the base of the continental slope. Direct current measurements nearby indicate a 
southerly flowing near-bottom current of up to 18 cm/sec (Swallow and Worthington, 1961). E41-61-17; 3,183 m; 
32° 51' N., 75° 45' W.
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shelf where sand and gravel are the predom i­
nant sediment. Upon reaching the slope water, 
much o f  this fine material remains in suspen­
sion and drifts  to greater depths.
The pronounced seaward dip o f  near-bottom  
isotherm s frequently observed on the conti­
nental slope and continental rise constitutes the 
first evidence o f relatively strong, deep con­
tour-follow ing, geostrophic currents (Stommel, 
1965). Pressure gradients indicated by  the 
inclined isopycnals must be opposed by an 
opposite and equal fo rce  which would seem to 
be provided by a current on which the Cori­
olis forces  are acting normal to the direction 
o f  m otion (to  the right in the northern hem­
isph ere). These contour currents flow along 
isopycnals w hich are approxim ately parallel to 
the bathym etric contours.
N ear-bottom  velocities up to 18 cm /sec have 
been observed in the southerly flowing W est­
ern Boundary U ndercurrent east and south­
east o f  Cape Hatteras, east o f Cape Cod, and 
off Greenland and Labrador (Sw allow  and 
W orthington, 1961). These measured veloci­
ties are competent to transport all the sedi­
ment sizes generally found on the continental 
rise (Heezen and Hollister, 1964). However, 
most measured or calculated current velocities 
in the deep sea are closer to the minimum 
values required fo r  transportation o f  conti­
nental rise sediments.
D uring cruises o f  Duke U niversity ’s RV 
Eastward, we have investigated the nature 
and orientation o f the effects o f  geostrophic 
contour currents on bottom  sediments o f  the 
continental rise and the Blake-Bahama Outer 
Ridge. Deep-sea cameras, equipped with punch 
core and compass, and a precision echo sounder 
have been the principal tools used (Heezen and 
others, 1966).
Along the base o f  the continental slope off 
North Carolina and along the eastern flank o f 
the outer ridge, current lineations consisting 
o f  streamers o f  sediment deposited in the lee 
o f  burrow  mounds and other objects on the 
bottom  were observed. In depths between 3,000 
and 5,000 m, abundant lineations indicate a 
southerly current w hich flows parallel to the 
local contours (F igs . 6 and 7 ) . W here current 
lineations are abundant, the bottom  is smooth 
and rem arkably free  o f benthic life , and the 
water appears muddy.
On the Blake Plateau, the Recent is variable 
in thickness and consists o f  reworked, shelly 
green-sand and phosphorite on the landward 
side o f the G ulf Stream, reworked coral sand 
and m anganese nodules beneath the Gulf 
Stream, and globigerina ooze on the outer
part o f the plateau. Near the seaward edge 
o f the Blake Plateau, the Pleistocene is ab­
sent, and Pliocene or M iocene marl is either 
exposed at the surface, covered by a few  cen­
tim eters o f  ooze, or coated with a maganese 
crust (E ricson  and others, 1961; Heezen and 
others, 1959). The outer ridge, on the other 
hand, is covered by a thick sequence o f Quat­
ernary sediments.
The thickness o f  the Recent (E ricson  and 
others, 1961; Heezen and others, 1959) in­
creases from  the Hatteras Abyssal Plain to­
ward a maxim um  o f over 1 m on the eastern 
flank o f the outer ridge then decreases m ark­
edly and reaches a minimum beneath the 
W estern Boundary U ndercurrent on the east 
flank of the ridge crest. W est o f the crest, the 
thickness o f the Recent ranges from  30 to 80 
cm and decreases to 20 cm on the Blake-Ba­
hama Abyssal Plain (F ig , 8 ) . To the east, 
numerous thin laminae o f silt and fine sand 
are intercalated in grayish -brow n and rose 
colored lutites, whereas, to the west silts are 
absent, and the rose-gray hue becomes in­
creasingly diluted and is not observed in the 
westernm ost cores.
E ricson  first discovered rose and rose-gray 
lutites in glacial age sediments on the conti­
nental slope and continental rise off eastern 
N orth Am erica. Subsequently, red and brick- 
red m arine tills were described from  the 
Cabot Strait and adjacent continental slope 
(Heezen and Drake, 1964). D eposition o f these 
red detrital sediments ceased before the end 
o f the last glaciation ( Y ) .  Thus the rose, rose- 
gray, and light rose-gray lutites found on the 
outer ridge may have been derived from  T ri- 
assic and Paleozoic red sediments o f  the G ulf 
of St. Lawrence and transported 3,000 km to 
the south by the southerly flow ing W estern 
Boundary Undercurrent. The rose-gray sedi­
ment is also found in earlier glacial (W  and 
U) sediments but not in interglacial sedi­
ments.
In a w ater sample collected 200 m above the 
east flank o f  the Blake-Bahama Outer R idge 
(G root and Ewing, 1963), suspended sediment 
was found in a concentration o f  about 1 x  10 ® 
g/cm^. Subsequently, a near-bottom  layer o f 
m uddy water a few  hundred m eters thick was 
found between the continent and the abyssal 
plain. A  rough calculation suggests that ap­
proxim ately an order o f  m agnitude more sedi­
ment was transported past the outer ridge in 
postglacial times than was deposited on it. 
These rough calculations show that the trans­
port o f  lutite in the W estern Boundary U nder­
current is adequate to build the Recent and
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Fig. 8. Profile across Blake Plateau and Blake-Bahama Outer Ridge (after Heezen and others, 1966). Thick Pleistocene and Recent wedges of lutite on the 
Blake-Bahama Outer Ridge thin eastward toward the Hatteras Abyssal Plain and westward toward the Blake-Bahama Abyssal Plain in response to de­
creased volume transport of the Western Boundary Undercurrent (Katz and Ewing, 1956; Hersey and others, 1959; Ewing and Ewing, 1964; Bunce 
and others, 1965). The greatest water depth west of the outer ridge occurs at the base of the Blake Escarpment, precluding any significant seaward sediment 









The Atlantic Continental M arg in 15
Fig. 9. Shaping of the continental rise by geostrophic contour currents. Arrows indicate prevailing bottom currents. 
Continental and oceanic crust is shown by patterns; mantle is solid black. Sedimentary rock is shown by con­
ventional symbols, turbidites by horizontal ruling, and rise deposits by open wedges. In addition to the measure­
ments reported here, the transport directions are supported by further oriented photographs of current lineations 
obtained in November, 1965, on the continental rise off Nova Scotia and on the western Bermuda Rise. With the 
exception of the shifting position of the Gulf Stream, this schematic diagram, drawn on the basis of an average 
section off eastern North America, is intended to illustrate the principal processes shaping a “normal continental 
rise” in any part of the world.
last glacial (Y )  thicknesses observed on the 
outer ridge. Turbidity currents account fo r  the 
sands and gravels which underlie the perfectly 
flat, strongly reflecting abyssal plains. They 
also account fo r  the gravel and sand in sub­
marine canyons and for  the finer sediments 
in natural levees and abyssal cones, but they 
fa il to account fo r  the uniform  shape and 
stratification o f  the enormous accumulation o f 
continental rise lutite. Massive transport o f 
continental rise sediment parallel to the con­
tours fo r  at least 1,500 km is demonstrated by 
the construction o f the Blake-Bahama Outer 
Ridge. This illustrates the pow erful smoothing 
potential o f deep geostrophic contour currents 
in the shaping o f the continental rise (F ig . 
9 ) .  The characteristic, downslope thinning 
wedges o f  sediment, which when stacked one 
upon another com prise the continental rise, 
appear to gain their shape through controlled 
deposition by deep, geostrophic contour cur­
rents.
G R A V IT Y  TEC TO N IC S
In 1961, C. L. Drake, aboard R V  Verna, made 
a seismic reflection profile from  Cabot Strait 
southeastward across the area affected by the 
Grand Banks earthquake. This profile, illus­
trated in Figures 10 and 11, is extrem ely in­
structive. It reveals what appears to be a large 
gravitational slump which is 1,200 feet thick 
and over 60 miles long, and is possibly o f  
greater width (Heezen and Drake, 1964).
These data add some significant points to
the sequence o f events which occurred in 1929. 
The epicenter o f  the 1929 Grand Banks earth­
quake was on the continental slope. A  number 
o f  cables on the continental slope broke in­
stantly. The first delayed break occurred 59 
minutes later, approxim ately 60 miles south 
o f the epicenter, and thence a sequence of 
breaks occurred fo r  the next 12 hours. A  diffi­
cult point to explain— and, in fact, a point 
not explained in the original paper by Heezen 
and Ew ing (1952 )— was that the cable which 
broke 59 minutes later lay but 10 miles south 
o f a cable which broke at the instant o f the 
quake. This seems difficult to reconcile with 
the fact that a tangent to the travel-time 
curve drawn through the 59-minute point in­
dicates a velocity exceeding 50 knots. Thus, 
i f  the turbidity current had originated from  
the foot o f  the slump or slumps, it certainly 
would not have taken an hour to traverse less 
than 10 miles. It, therefore, has to be assumed 
that the origin  o f  the turbidity currents lay 
somewhere w ithin the epicentral area; that 
is, in that area in which all the cable breaks 
occurred instantaneously. In fact, by extra­
polating the travel-tim e curve, the most rea­
sonable position fo r  the point o f  generation 
o f the turbidity currents seems to  have been 
near the instrumentally located epicenter. The 
seism ic reflection profile indicates that the sole 
plane o f  the gravitational slide crops out a few  
miles upslope from  the cable w hich broke with 
a delay o f  59 minutes. Thus, it appears that 
the earthquake triggered  a gravitational slide
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of unknown magnitude, that this slide broke 
the cables in the so-called epicentral area, and 
that the earthquake also generated other slides 
which transform ed into turbidity currents and 
flowed around and in part over the gravita­
tional slide and subsequently traveled on to 
the abyssal plain to the south.
The fa c t  that the cable 5 miles upslope from  
the outcrop of the gravitational slide broke in­
stantaneously indicates that the gravitational 
slide could not have moved m ore than 5 m iles ; 
otherwise, the break o f  that cable would not 
have been instantaneous. W e certainly have no 
indication how much movem ent did occur, ex­
cept that it  was probably at least several feet 
in order to  cause the appropriate damage to 
the cables which failed instantaneously within 
and along the m argin o f  the slump.
Thus from  one single tr igger mechanism, 
the Grand Banks earthquake, we observe two 
types o f gravitational phenom ena: 1) the tur­
bidity currents which caused the sequence of 
delayed breaks and 2) the gravitational slump 
which produced the instantaneous failure of 
many cables over a w ide but smaller area. 
Both phenomena occurred on the continental
rise above a thick geosynclinal pile o f sediment. 
Such phenomena can certainly be assumed to 
have occurred throughout th e ' deposition o f 
this thick accumulation. W e thus have a sig­
nificant indication that the modern “ geosyn­
cline”  w hich-lies beneath the continental rise 
contains gravitational overthrusts which oc­
curred as sedimentation continued. Because 
these geosynclinal lenses show no evidence o f 
being affected by compression or uplift, the 
thrusting must have occurred during the sed­
imentation stage and be purely a gravitational 
phenomenon not involved in the erogenic de­
form ation o f the geosyncline.
SU B M A R IN E  O U T C R O P S
Cretaceous and Tertiary rocks crop out on 
the continental slope off eastern North Am er­
ica. These outcrops, originally discovered by 
fishermen in the late nineteenth century, were 
investigated m ore thoroughly by Henry Stet­
son on board the R V  Atlantis during the early 
1930’s. Although the outcrops are most con­
spicuous on the walls of the submarine can­
yons, they apparently occur also on the con­
tinental slope in inter-canyon areas. A  study
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Fig. 10. Grand Banks slump. This profile is a tracing of the seismic re;flection records made along a profile from the 
Laurentian Channel across the continental slope and continental rise south of the Grand Banks. Shots were fired 
at approximately one-half mile intervals. The charges were floated above the critical depth to avoid the bubble 
pulse phenomenon. The location of this profile is shown by the dotted line in Figure 11. Note that the sole plane 
of the slump crops out approximately 10 miles upslope from the first delayed cable break and that all cables 
crossing the area of the slump were broken at the instant of the earthquake (after Heezen and Drake, 1964).
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Fig. 11. Map of the Grand Banks slump. All cables 
within about 60 miles south of the epicenter of the 
Grand Banks earthquake broke at the instant of the 
earthquake. A sequence of later cable failures occurred 
to the south, the first one occurring 59 minutes after 
the earthquake. The first two of the cables to break 
following the earthquake are indicated in this chart. 
The outcrop of the sole plane of the slump is indicated 
in the conventional manner. Within the area 6f this 
map, turbidity currents seem to have been concentrated 
into at least three separate channels. Sediment cores 
taken between the channels indicate undisturbed or 
slightly disturbed hemipelagic sediments, while cores 
taken along the axes of these channels revealed tur­
bidity current deposited sands and silts (after Heezen 
and Drake, 1964).
o f  the structural benches in the topographic 
profiles off the eastern United States together 
w ith the results o f the dredging operations of 
Stetson and others has led Heezen and others
(1959) to propose that the beds within the 
continental shelf crop out on the continental 
slope and that these beds w ere truncated on 
the seaward slope by erosion.
The Blake Escarpment, a precipitous de­
clivity w hich separates the 1,000 m depth of 
the Blake Plateau from  the 5,000 m depth o f 
the Blake-Bahama Basin (Heezen and others, 
1959), extends from  27° to 30° N orth  latitude
as a uniform  and nearly straight north-south 
feature (F ig . 1 3 ). Prom inent benches occur 
at 1,400 m and at 3,000 m (F ig . 12). The 
gradient below 3,000 m often exceeds 1:3.
Miocene and Eocene marls were discovered 
on the Blake Plateau in 1949 and 1950 (E ric ­
son and others, 1952). In 1951, I conducted a 
coring program  on the escarpment in an at­
tempt to find outcrops o f  still older sedimen­
tary units. The U pper Cretaceous and Tertiary 
rocks o f the coastal plain were found to crop 
out along the escarpm ent where they seem to 
form  prominent benches (P ratt and Heezen, 
1964). Cores taken low on the escarpment in­
cluded within Recent sediments fragm ents o f 
limestone and dolom ite thought to be debris 
from  outcropping Cretaceous rocks. In several 
instances, a fter h itting the scarp below 2,400 
m, the coring apparatus came up empty and 
badly damaged through im pact with hard rock.
Seismic m ethods (reflection and refraction ) 
have been used on the Blake Plateau to trace 
distinct seismic horizons from  wells in Florida 
and the Bahamas to the benches o f  the Blake 
Escarpment (E w in g  and others, 1966a; Sher­
idan and others, 1966). The bench at the 1,400 
m depth is form ed  by the cropping out o f a 
reflector w ithin the Upper Cretaceous (# 4 , 
F ig . 12 ). The observed relatively h igh veloci­
ties, which could be confused with crystalline 
basement velocities, are very sim ilar to those 
found in the Low er Cretaceous limestones, 
dolomites, and evaporites o f southern Florida 
and the Bahamas. Extrapolations from  the 
Andros Island deep test hole suggest that the 
top o f  the Low er Cretaceous dolomites may 
crop out in depths o f 3,000 to 3,500 m on the 
walls o f  the nearby Northeast Province Chan­
nel (M aher, 1965) and m ay form  the 3,000 m 
bench found on the Blake Escarpment.
The velocities observed (5.1 to 5.2 km /sec) 
are indicative o f well consolidated rocks which 
can not normally be sampled by deep-sea cor­
ing apparatus. W e  first dredged on the Blake 
Escarpment early in 1966 from  Duke Univer­
sity ’s RV Eastw ard. O f 13 dredge lowerings 
made on the escarpm ent in depths o f  2,300 to 
4,800 m, fou r hauls were productive (F ig . 13 ). 
All the rocks recovered were carbonates and 
resembled the form ations of the coastal plain 
sequence o f  F lorida and the Gulf Coast. The 
rocks obtained on the steep escarpment in 
depths of 3,000 to  4,800 m are shallow water, 
algal calcarenites, Aptian to Neocom ian in 
age. In  depths less than 2,400 m, deeper water 
calcilutites o f  A lbian  age were obtained (H ee­
zen and Sheridan, 1966).
The Neocom ian algal limestones recovered
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from  the Blake Escarpment are the oldest in- 
place rocks so fa r  dredged from  the floor o f 
the deep Atlantic. Bottom  photographs o f  the 
escarpment reveal that the limestones crop out 
both as ledges o f  bedded strata and as massive 
rocks (F ig . 14 ). The steepness of the slope is 
apparent in the com pass-oriented photographs 
which show the bottom  dropping off sharply 
to the east.
Velocities o f com pressional elastic waves 
measured on a few  rocks from  each dredge 
haul are reasonable fo r  limestones and dolo­
mites o f relatively low  porosity and can be 
compared favorably, fo r  the most part, with 
those determ ined in nearby refraction pro­
files (Sheridan and others, 1966).
Im portant geologic im plications are obvious 
from  the discovery o f  these Lower Cretaceous
rocks on the Blake Escarpment. The sim ilarity 
o f the lithologies and fauna to the Low er 
Cretaceous o f  southern Florida indicates that 
the same shallow water environment extended 
as fa r  east and north as the Blake Nose. The 
abundance o f  algal fragm ents in the calcar­
enites requires a source that was reasonably 
nearby. During the Early Cretaceous, algal 
and perhaps coral banks form ed a barrier reef 
which extended north of the Bahamas (N ewell, 
1959). It has been suggested that the zone 
o f rough relief on reflection # 4  (F ig . 12) 
represents a reef built on an arched founda­
tion (E w ing and others, 1966a). Contours on 
the 5.1 to 5.2 km /sec horizon (the horizon 
near the top o f the Low er Cretaceous) indi­
cate a north-south trending arch near the 
eastern edge o f the Blake Plateau (Sheridan
W BLAKE PLATEAU BLAKE-BAH AM A  B A S IN
100
Fig. 12. Detailed structure section across the Blake Escarpment at 99° N. latitude. Prominent reflecting horizons 
are labeled as #1, #3, and #4 (Ewing and others, 1966b) and velocity layers are indicated by the velocity range 
observed, such as 5.1 to 5.2 km/sec (Sheridan and others, 1966). Dashed arrows are used to locate data which are 
extrapolated significant distances to the section shown.
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Fig. 13. Location map showing sites of dredge and 
camera lowerings made from R/V Eastward (after 
Heezen and Sheridan, 1966). Also shown are supporting 
data of deep-sea cores (Ericson and others, 1961), 
refraction profiles (Sheridan and others, 1966), and 
reflection profiles (Ewing and others, 1966a).
ing  operations m ay allow the tapping o f  po­
tential oil reserves in this area.
The algal calcarenites found along the 
deepest part o f  the Blake Escarpm ent were 
probably deposited in only a few  m eters’ 
depth. M ost algae live in strong light and are 
restricted to depths o f  less than 25 m (John­
son, 1961). The well rounded grains and the 
m iliolid and arenaceous Foram inifera, which 
have resilent tests, could even have been de­
posited near a beach. The pure carbonate de­
posits accumulated only because there was 
subsidence to allow  room  fo r  reef growth, but 
the subsidence was not the result o f sediment 
loading. The Low er Cretaceous sedim entary 
rocks are all o f relatively shallow w ater facies, 
whereas the T ertiary  rocks have an increas­
ingly pelagic character, suggesting gradually 
deepening water. Thus the rocks form in g the 
base o f  the escarpm ent in 5,000 m depth, 
represent sediments deposited near sea level, 
whereas the rocks from  2,000 to 3,000 m depth 
represent sediments laid down in depths ap­
proaching those in w hich the Blake Plateau 
now lies. Thus, 5 km o f  gentle, un iform  sub­
sidence over a wide area o f  the continental 
m argin is well substantiated, both by  the wells 
in the Bahamas and F lorida and by  the dredg­
ings from  the edge o f  the Blake Escarpment.
The unconsolidated sediments beneath the 
Blake-Bahama Basin imm ediately adjacent to 
the dredge sites are 0.6 to 0.7 km thick. I f  the 
4.5 km /sec “ basem ent”  underlying these un­
consolidated sediments is pre-N eocom ian in 
age, we must conclude that the depth o f  this 
portion o f  the Atlantic in N eocom ian tim e was 
less than about 600 m. Because the present 
depth in this region  is approxim ately 5,000 m, 
we m ust assume either a 5 km subsidence o f  
the entire abyssal floor o f the Atlantic, huge 
com plex vertical faults throughout the Blake- 
Bahama region, or a downwarp by  nearly 5 
km o f  the prim oridal continental slope struc­
ture into a continental rise sedim entary trough 
basin (D rake and others, 1959).
and others, 1966). This arch m ight represent 
an E arly Cretaceous barrier reef which built 
the .foundations o f  the Blake Escarpm ent at 
that tim e. The arch structure in the three 
deepest seism ic horizons along the eastern 
edge o f  the Blake Plateau m ay provide a struc­
tural trap fo r  any oil present. T he back-reef 
facies would be deposited west o f  the Cretace­
ous barrier ree f in a gently subsiding trough, 
resulting in very slight westward dips and 
possible stratigraphic pinch-outs along the 
arch on the east. In the future, deep-sea drill-
THE CRU STAL E V O L U T IO N  O F  THE 
ATLA N T IC  O C E A N
The M id-A tlantic R idge (a  segm ent o f  the 
w orld-encircling M id-Oceanic R idge) is a sym ­
m etrical, median, mountainous swell which oc­
cupies the middle th ird o f the A tlantic Basin. 
B y com paring transoceanic profiles, it is read­
ily observed that the w idth o f  the M id-A tlantic 
R idge, as well as the width o f  the ocean basin 
floor, is a function o f  the total w idth o f  the 
ocean (F ig . 15 ). A  seism ically active median 
valley follow s the crest o f  the ridge. The
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Fig. 14. Two bottom-photographs taken on the escarpment near the location where the rocks were dredged (98 
and 103) and some of the Lower Cretaceous rocks. The photo from station E-9-66-98 (29° 09' N., 76° 45' W.) 
shows massive boulders cropping out and the escarpment dropping off to the east. The compass in the photo is 
10 cm in diameter. On the sample from dredge E-9-66-3, the freshly broken surface contrasts markedly with the 
older manganese coated surface. The platy, angular shape of the rocks from dredge E-9-66-7 can be compared 
to the similar platy rocks shown in the photograph 103.
identification of this median valley as a r ift  
valley, combined w ith a study o f  the com para­
tive m orphology and geology o f the M id-Oce­
anic Ridge along transoceanic traverses o f 
widely different widths, and a review  and study 
of landward extensions led me to the conclusion 
that the M id-Oceanic Ridge is grow ing w ider 
through the continuing emplacement of mantle 
material in a succession of widening, median, 
mid-oceanic, r ift valleys (Heezen, 1957, 1959b, 
1960). Hess (1962), Dietz (1961), W ilson 
(1963), V ine and Matthews (1963) and others 
have adopted my model o f  oceanic crustal evolu­
tion and have provided additional hypotheses as 
to the driving forces and have given details of 
various specific hypothetical processes which 
may have caused or may have resulted from  the 
crustal growth. Most o f these hypotheses in­
volve convection currents which are imagined 
to have transported the oceanic crust away 
from  the axis o f  the M id-Oceanic Ridge to­
wards the continents. The horizontal limbs of 
these convection currents are thought to turn 
downward beneath an appropriately deformed 
area such as a folded mountain range or an is­
land arc. W ith the exception of the antillian
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Fig. 15. Six profiles across the Mid-Oceanic Ridge. Note the marked similarity of each profile, despite the large 
difference in profile lengths. This sequence could represent a genetic series in which the rift valleys of Africa repre­
sent an early stage in the development of an ocean, and the Atlantic shown in profiles 5 and 6 represents later 
stages (after Heezen, 1959a).
arcs, no T ertiary deform ation is observed on 
the continental m argins o f the Atlantic either 
beneath the sea or at the m argin o f the conti­
nents. Therefore, if  the convection cell theory 
is to be adopted fo r  the Atlantic, it must be 
assumed that the continents bounding the A t­
lantic traveled at precisely the same speed as 
the adjacent deep-sea floor.
In selecting a w orking hypothesis fo r  the 
geological exploration or explanation o f the 
Atlantic floor, it makes little difference i f  we 
choose a mechanism involving convection cells, 
a general continental d r ift  towards the Pacific, 
or an expansion o f the mantle, fo r  the result­
ing geologic and tectonic patterns left in the 
deep sea floor would be nearly identical.
M. E w ing and others (1964) have shown
that the M id-Atlantic R idge lacks a prominent 
sedimentary layer which is found throughout 
the adjacent basins (F ig . 16). By extrapolat­
ing modern rates o f deposition, I concluded 
that the top o f  this layer was form ed approxi­
mately 75 million years ago (Heezen, 1962). 
Subsequently, by coring outcrops o f this hori­
zon (referred  to as “ Interface 1”  or “ layer 
A ” ) , J. Ewing and others (1966b) established 
its age as M aestrichtian (63 to 72 m .y .) . Thus, 
there appears to be no real discrepancy be­
tween modern rates o f deposition and the age 
o f the underlying basement, and additional 
support is given fo r  the post-Cretaceous age 
o f the existing M id-Oceanic Ridge.
W here the M id-A tlantic R idge is 1,400 km 
wide, the average rate o f  the expansion of the
North
America Mid-Atlantic Ridge Africa
Continentol Continental
Fig. 16. Crustal section across the North Atlantic. The dark shaded area represents the 7.2 to 7.4 km/sec material 
which lies beneath the crest of the Mid-Atlantic Ridge. The first layer under the oceans represents sediments; 
the second, possibly lithified sediments or, more probably, volcanic rocks; and the third is the oceanic crustal layer. 
Beneath this layer lies the mantle. This illustration is based on the correlation of crustal thickness measurements 
and physiography throughout the North Atlantic (after Heezen and others, 1959).
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Fig. 17. Evolution of the ocean floor. Top profile repre­
sents an initial continental rift such as the modern East 
African rift valleys or the Triassic Atlantic. The second 
profile represents a young rift ocean such as the modern 
Red Sea or the Jurassic Atlantic. The third profile 
represents an ocean in a later stage of expansion such 
as the modern Gulf of Aden or the Neocomian Atlantic. 
The fourth profile indicates a still later stage which 
might be represented by the Norwegian Sea or the 
Cenomanian Atlantic (after Heezen, 1960).
ridge (assum ing the above 70 m.y. date) would 
have to be 2 cm /y r., and where the ridge 
reaches 2,800 km in w idth the rate o f  grow th 
would have to be 4 cm /y r . I f  we lineally extra­
polate these rates backward in time, we arrive 
at a zero w idth fo r  the A tlantic at about 200 
million years ago. A ccord ing to this reasoning, 
the Atlantic was born  during the Triassic 
Period. B ut i f  the rate o f  expansion has varied 
w ith time, we m ight be badly misled by such an 
extrapolation.
E V O L U T IO N  O F  THE AT LA N T IC  C O N T IN EN T A L  
M A R G IN  O F  N O R T H  A M E R IC A
Let us fo r  a m om ent accept the evidence fo r  
the expansion o f  the A tlantic and try  through 
modern analogy to interpret the m eager but 
simple data in order to construct a h istory o f 
the Atlantic continental m argin.
The T riassic in eastern N orth Am erica was 
a period when basic sills, dikes, and flows were 
emplaced in predom inantly nonm arine sedi­
ments. The paleotectonic events o f the Triassic 
along the continental m argin o f  N orth A m er­
ica may have been somewhat sim ilar to the 
recent h istory o f  the G regory R ift  o f  Kenya
(F ig . 17 ). The extensive basic dikes and sills 
in the T riassic o f the eastern United States 
may well m ark the beginning o f  r ift in g  which 
led to the b irth  o f  the Atlantic. D uring the 
Jurassic, the w idth of the Atlantic grew  to 
over 1,000 km, and the sea invaded the deeper 
portions o f the evolving basin. As the ocean 
grew  wider, the newly form ed m argins o f  the 
continents w ere upturned at least in part by 
isostatic effects on the toes o f the continental 
blocks. I f  we reason by analogy w ith the 
m odern ocean, we would expect this narrow  
early M esozoic Atlantic to be relatively shal­
low. The Jurassic A tlantic must have greatly 
resembled the m odern Red Sea, but it m ay not 
have become so choked w ith coral reefs. The 
lack o f  Jurassic deposits along the continental 
m argin o f eastern N orth A m erica probably in­
dicates that the continental blocks still stood 
relatively high and may have in fa ct tectoni­
cally resembled the eroded and upturned A ra­
bian and A frican  m argins o f  the Red Sea.
The oldest sedim entary rocks recovered to 
date from  the abyssal depths o f the Atlantic 
are the Neocom ian algal reef beds at the base 
o f  the Blake Escarpment. These consolidated 
limestones and marbles w ere obtained from  a 
re-excavated ree f at a point only a few  kilom e­
ters distant and only 600 meters higher in 
elevation than the 4.5 k m /sec basement layer. 
In other words, unless we are to hypothesize 
the presence o f  a large ancient fault between 
the N eocom ian outcrops and the Blake-Bahama 
Basin, we m ust conclude that the Atlantic 
Basin east o f  the Low er Cretaceous Blake R eef 
was no m ore than 600 m eters deep. Because 
the 4.5 k m /sec layer is probably at least some­
what older than the Neocom ian R eef, there 
should have been som e A tlantic sediments de­
posited in fron t o f  the reef. Thus, the floor 
o f  the Neocom ian A tlantic east o f  the Blake 
R eef was not significantly deeper than the 
modern shelf seas.
The Atlantic must have been at least 2,000 
km wide by the end o f N eocom ian tim e, and 
the adjacent continental m argins must have 
then begun to  escape the influence o f  the 
'-'2,000 km w ide central elevation w hich char­
acterizes the M id-Oceanic R idge welt. A l­
though other parts o f  the basin could have 
been deeper, our single data locally suggest 
that up to the beginning o f  the Cretaceous the 
sea was only a few  hundred meters deep and 
that the A tlantic was still in a Gulf o f  Aden 
“ phase” . Throughout the E arly Cretaceous, the 
edge o f  the continent warped downward to­
wards a rapidly deepening Atlantic.
Com parative m orphologic studies suggest
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that as the ocean widens it steadily deepens 
until it reaches a width o f  2,000 or 3,000 km 
at which point its subsidence slows and its 
basin floor approaches a depth o f  5 or 6 km. 
Bermuda is an extinct volcano w hich was trun­
cated in Late Cretaceous or early Tertiary 
time and has not subsided since. The depth o f 
the Atlantic in the vicin ity of Bermuda could 
not have been very much different in Late 
Cretaceous tim e than the present 5 to 6 km. 
Thus, Berm uda testifies that the subsidence o f 
the Atlantic floor had been entirely accom­
plished in this region prior to the Tertiary. 
The Kelvin Seamounts are truncated at depths 
approxim ating 1,000 to 1,500 meters. The age 
o f  truncation is not well determined, but the 
occurrence o f  some fragm ents o f  Late Cre­
taceous shallow water fossils m ay indicate a 
gentle subsidence o f  the basin floor o f about 
1,000 to 1,500 meters during the same interval 
that Bermuda remained stable. Alternately, the 
Kelvin Seamounts m ight be slightly older than 
Bermuda and have been form ed before the 
ocean basin had reached its present depth. 
However, the difference in depth between the 
base o f  Bermuda and the base o f  the Kelvin 
Seamounts is approxim ately equal to the sum­
m it depth o f the seamounts, and thus perhaps 
we can appeal to a Tertiary subsidence o f the 
basin relative to a more stable Bermuda rise.
The uplifted edges of the rifted  continents 
were eroded, and the Cretaceous seas invaded 
the edges o f the eroded and subsided conti­
nents. W hat has happened since is more fact 
than hypothesis and is clearly described in 
great detail in many works. In brie f, however, 
the m argin continued to subside, sediment con­
tinued to be deposited on the continental shelf 
which was created in Middle Cretaceous time 
after the final filling o f the form er linear epi­
continental basins which now  lie beneath the 
continental shelf. The continental rise began 
to  grow  at the base o f the continental slope
by the accumulation o f  sediment injected into 
the sea through the water column and carried 
in along the bottom  by turbidity currents. 
These sediments were then transported parallel 
to the continent by geostrophic bottom  cur­
rents which in turn shaped the great sediment 
wedges which constitute the continental rise. 
The outer ridge sedimentary drifts began to 
build upward in the Tertiary, signalling the 
commencement o f  a vigorous, thermohaline, 
abyssal circulation in the modern pattern. A l­
though these drifts  probably steadily evolved, 
there was certainly repeated filling and recut­
ting as the v igor o f the thermohaline circula­
tion o f the Atlantic fluctuated and as local geo­
logic events altered the path o f flow. Although 
submarine canyons probably have existed 
throughout the h istory o f  the Atlantic, the late 
Cenozoic regression brought a great influx of 
elastics which were transported to abyssal 
depths through the submarine canyons and 
poured out on to the abyssal floor causing the 
abyssal plains to reach their maximum T er­
tiary extension.
Thus, the Atlantic continental m argins were 
created and uplifted during a Triassic taphro- 
genic phase. Later they were eroded and sub­
sided and finally transgressed by Late Cretace­
ous and Teritary seas as the Atlantic grew  to 
its present width and depth. I f  we accept this 
history, we then cannot speak o f a Paleozoic 
N orth Atlantic, nor should we expect to find 
deep-sea deposits older than Cretaceous in the 
Atlantic (Menzies and Imbrie, 1958).
W e should dredge the many bare rock scarps 
o f the Atlantic floor. The discovery o f  Paleo­
zoic or lower M esozoic rocks in the deep A t­
lantic would allow someone to build a wonder­
ful new hypothesis, fo r  as Mark Twain once 
observed: “ There is something fascinating 
about science. One gets such a wholesale return 
o f conjecture out o f  such a trifling investment 
o f facts.”
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ABSTRACT
The Appalachian folded belt of southwestern Virginia exemplifies most of the structural and strati­
graphic features that are considered typical of the Appalachians as a whole. The folded belt which is 
only 36 miles wide along the valley course of New River is generally well-defined on the southeast by 
the western foothills of the Blue Ridge and on the northwest side by a sharp structural front beyond 
which the beds are relatively gently folded.
Despite the fact that Paleozoic shelf successions of the Central Interior region are known to have 
controlled the thickness and facies of sedimentary formations within them and to have evolved as a result 
of differential crustal subsidence, the interpretations of many Appalachian geologists either specify or 
imply that Appalachian sediments accumulated in flat sheets exhibiting only regional variations in 
thickness and facies. As detailed work in many sections of the Appalachians has shown, there are actually 
two types of stratigraphic variations: one that is broadly regional, and another that is local and commonly 
structurally controlled. There is a pronounced tendency for structural geologists to ignore the relations 
between stratigraphy and structure and to visualize the latter as evolving after all the Paleozoic succession 
had been deposited.
A currently popular hypothesis of Appalachian geology interprets Appalachian folds and thrusts 
as “ thin-skinned” and to have formed by decollement or Abscherung along a great master sole thrust 
formed during late Paleozoic time. Inherent in the decollement hypothesis is an implied requirement that 
if the idea applies everywhere it must hold anywhere in the Appalachians. Perhaps the strongest endorse­
ment of the “ thin-skinned”  hypothesis for Appalachian structure is that advanced by Gwinn who en­
visions the sole fault extending not only all the way across the Appalachian folded belt but also across 
the Appalachian Plateau and under the deepest part of the Pennsylvanian basin of westernmost West 
Virginia. Gwinn even envisions this entire width of Paleozoic rocks to have been involved in a decollement 
movement that was motivated by gravity.
In the best of the more recent summaries on the inferred structural evolution of the Appalachian 
folded belt. King and Ferguson (1960) related all the existing thrusts and folds in northeasternmost 
Tennessee to one late Paleozoic deformation. Gwinn’s interpretation of Appalachian structural evolution 
requires that all the major structures formed at about the same time.
The absence of a major thrust within, or at the base of, or at the top of the Cambrian Rome Forma­
tion in the Bane anticline of Giles County, Virginia, is indicated by both surface geology and subsurface 
information. This is strong evidence against regional decollement as the basic cause for Appalachian 
folding as recently championed by R. L. Miller, Rodgers, Gwinn, and others.
There is convincing stratigraphic and petrographic evidence that the great Holston Mountain 
thrust of Virginia and northeasternmost Tennessee was initiated in mid-Champlainian time. Tear faults 
along the northwestern border of the overthrust block produced a salient “ finger”  of overthrust rocks 
that points directly at localized occurrences of Middle Ordovician polymictic conglomerates nestled in 
the trough of the South Knobs syncline. These conglomerates, as exposed near Avens Ford Bridge over 
South Holston Lake, are composed of clasts out of the same lithofacies as those composing the north­
western portion of the Holston Mountain thrust block.
The stratigraphic range of the clasts in the conglomerates near Avens Ford Bridge clearly implies 
local exhumation of a succession of strata at least 10,000 feet thick, either by folding or faulting, in order 
for the association of polymictic clasts to have been achieved. The logical source for these polymictic 
pebbles and cobbles is the advancing Holston Mountain thrust block. It may be possible to establish 
the Middle Ordovician generation of that thrust block by K /A r radiometric dating of selected portions 
of the overthrust sheet which includes some crystalline rock and some Late Precambrian rhyolites.
The supposed superficial nature of Appalachian folding is further denied by some of the typical 
structural features o f the region, including that studied by King and Ferguson in northeasternmost 
Tennessee. The once flat thrust surfaces have been folded sufficiently to develop closures of thousands 
of feet in them. Because the folding of the thrust faults involved both overriding and overridden beds, 
the later stress conditions had to affect a greater thickness of the strata than during thrusting. Folding 
of thrust sheets strongly suggests the dominance and persistence of vertically acting forces even after 
thrusting had ceased. Numerous klippen and windows associated with a number of major Appalachian 
.thrusts aid in ascertaining the dimensions of vertical movements after displacement of thrust sheets.
As Bailey Willis (1893) showed, the pattern of Appalachian folds was determined by differential 
axial subsidence in the Appalachian trough, which led to development of “ synclines of deposition”  each 
of which in its own way affected the succession of sediments deposited within itself. Synclines are the
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dominant fold type from Pennsylvania to Alabama. The general structure of the folded Appalachian 
belt is a synclinorium or geosynclinorium.
Studies of the stratigraphy and petrography of the strata within a given major structure will provide 
a basis for determining when the structure had its inception. In a general way, the Appalachian trough 
seems to have grown in width by progressive addition of synclines of deposition which formed at the 
expense of the outer margin of the foreland shelf. Some of the great synclines of deposition, such as the 
Hurricane Ridge syncline of Virginia and West Virginia, developed in Mississippian time, whereas some 
farther east probably developed in the earlier parts of the Paleozoic.
Decollement deformation, such as illustrated by the Cumberland block, indicates how some Ap­
palachian thrusts worked their way upward through successions primarily composed of thick, competent 
strata with only a few shaly zones. Transposition of thrust sheets does not necessarily depend upon a 
shale acting as a decollement zone. The Holston Mountain-Iron Mountain thrust illustrates a folded, 
once-flat thrust that cut the basement rocks. If the Middle Ordovician age of this thrust can be deter­
mined radiometrically, a strong probability favored by the relations of the mid-Champlainian polymictic 
conglomerates to the overriding block, a major break-through in understanding Appalachian structure 
will have been achieved. If all Appalachian thrusts did not originate at about the same time, after all 
the Appalachian sediments had been deposited in the Appalachian trough, then the hypothesis of regional 
decollement as the mechanism that created all the folds and faults would be untenable.
Based upon his own observations in the Appalachian region, the writer believes that basement has 
been involved in Appalachian folding since the time that the Paleozoic sediments in the Appalachian 
geosyncline began to accumulate. Differential axial subsidence of the floor of the Appalachian trough, 
which affected an increasingly wider belt from early to late Paleozoic time, set the pattern for folds and 
faults as seen today. Dominance of vertical forces over “ tangential” forces in the tectonic history of the 
Appalachians is strongly affirmed by the common occurrence of remnants of thrust sheets preserved in 
the axial portions of indigenous synclines whose strata reflect thickness and facies control by the major 
structure of which they are a part. Such conditions, which are not uncommon, imply that differential 
down warps, which started early in many instances, lasted even after overthrusting. Thrusting, therefore, 
might be conceived as one of the transient consequences of deposition of a thick succession of strata that 
were being differentially downwarped during and after their accumulation.
In pursuing the unraveling of the tectonic history of the Appalachian folded belt, countless minor 
adjustment structures preserved within relatively thin successions need careful analysis. The down- 
slumped portion of the adjustment structures the writer has seen over the greater part of the Appalachian 
region are “ down” as referenced to the particular major structure in which the beds containing a minor 
adjustment structure occur. Deep cuts along modern highways offer a great reservoir of information 
on adjustment structures.
IN T R O D U C T IO N
The folded Appalachians— a belt o f closely 
folded and faulted Paleozoic rocks— extend 
from  the west slope o f  the Blue R idge across 
the Valley and R idge Province to a well-defined 
structural fron t west o f  which the folds are 
gentle and open and few  if  any m ajor faults 
occur. Despite the fa ct  that the region has 
been studied m ore or less continually for over 
125 years, it is still, contrary to common be­
lief, a rather poorly known and far from  well 
understood region. It is the classic, geosyn­
clinal region o f the world.
In this region, the stratigraphy, structure, 
and surface form s await application o f new 
techniques and fresh  points o f  view to aid in 
the solution o f its many problems. The appeal­
ing thing about Appalachian geology is that 
it is not obvious. Although it is in many areas 
necessary to brush aside the leaves and part 
the blades o f  grass to get at the geologic evi­
dence, one seldom wants for  exposures, at least 
not in the V irg in ia  Appalachians. Those who 
w ork in this great, classic region appreciate 
its appeal and challenges. This was summed
up by my mentor, Charles Butts, who after a 
vigorous day o f hard field work op ined : “ Who 
wouldn’t want to be a geologist in country 
such as th is !”
By W a y  o f Explanation
Every geologist visualizes and interprets 
geologic phenomena in (let us hope) a fram e 
o f reference that continually changes and im­
proves as he accumulates experience. H aving 
worked in the Appalachians fo r  30 years, I 
have embraced at one time or another m ost o f 
the popular concepts o f stratigraphic, struc­
tural, and geom orphic interpretation. Many 
o f  these concepts have w orn well, but others 
have proven inadequate. M y first disenchant­
ment involved the peneplain concept and mul­
tiple erosion surfaces. It is heartening to  see 
the steady decline in popularity o f  the old 
geom orphic interpretations during the past 25 
years. I later became impatient and disillu­
sioned with U lrichian stratigraphy which was 
very popular up until about 1945. The sw ift 
decline o f that brand o f stratigraphy has also 
been heartening to many.
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For the past 15 years, I have become in­
creasingly dissatisfied with the interpretation 
o f  Appalachian structure, especially as es­
poused by  the popular school o f  “ thin-skinned”  
tectonics fo r  the folded Appalachians. M y ob­
jection  to  the decollement or  Abscherung hy­
pothesis is not the idea itself or, indeed, its 
appropriate application to portions along the 
western structural fron t as exemplified by  the 
great Cumberland overthrust block. My ob jec­
tion rests in the application o f  the decollement 
concept across the whole Appalachian folded 
belt and in the inherent postulation of a mas­
ter sole fault above which our Appalachian 
folds and thrusts occur and below which occur 
the basement and low er part o f the sedimen­
tary cover which is supposed to be relatively 
flat as originally deposited and uninvolved in 
“ thin-skinned” , superficial, Appalachian struc­
ture.
This paper will deal prim arily with struc­
ture and w ith the concepts evolved to explain 
Appalachian structure during the past 75 
years. F or  a full review  o f ideas on Appala­
chian structure, reference should be made to 
R odgers ’ (1949) paper on the evolution o f 
thought on the structure o f  the southern Ap­
palachians.
The section o f  the Appalachians shown in 
F igure 1 will be the center o f  this discussion. 
Typical stratigraphic sections fo r  this portion 
o f  the Appalachians are shown in F igure 2.
D EV ELO P M EN T  O F  CURRENTLY PO PULAR  ID EA S  
O N  A P P A L A C H IA N  STRUCTURE
From  1893 until 1943, the popular concept 
o f  the nature and orig in  o f middle and south­
ern Appalachian structure was that described 
by  W illis (1893 ). H e devised an ingenious, 
model pressure box fo r  reproducing folds by 
a plunger-action type o f  horizontal com pres­
sive stress. A s the w riter (Cooper, 1964) has 
pointed out previously, the pressure box was 
constructed w ith a r ig id  bottom  w hich prede­
term ined that the experim ental folds would 
yield upward. A t the time o f  W illis ’ (1893) 
publication o f  “ M echanics o f Appalachian 
Structure” , no one apparently thought very 
much about the underlying basement rocks, or 
whether they w ere or how they w ere involved 
in  the deform ation  o f  the folded Appalachians.
John L. R ich ’s (1934) adaptation o f Bux- 
to r f ’s A bscherung concept ( fo r  the structure 
o f  the Jura M ountains o f Central E urope) to 
the Cumberland overthrust block o f  Kentucky, 
Tennessee, and V irg in ia  gave b irth  to  the 
presently popular, ru ling theory on Appala­
chian structure.
Application o f  the Abscherung or decolle­
ment concept to the Appalachian folded belt 
as a whole was advanced by R. L. M iller 
(1945 ). Soon thereafter, this concept was em­
braced by R odgers (1949 ). The substance o f  
this interpretation is the belief that the A p ­
palachian structures we see are relatively su­
perficial and are the product o f a m aster de­
collement above w hich the beds displaced 
northwestward are folded and broken and be­
low which the basem ent and bottom  portions 
o f the Paleozoic succession rem ain m ore or 
less undisturbed. A ll o f  R odgers’ m ore recent 
papers on Appalachian structure have elab­
orated upon the application o f  the Abscherung 
or decollement concept to structures including 
those that lie west o f the structural fron t that 
follow s rather closely the Cum berland-Alle- 
gheny Escarpm ent. V. E. Gwinn (1964) has 
proposed a regional decollement across the en­
tire folded Appalachians and much o f  the A p ­
palachian Plateau as well. This sweeping in ­
terpretation is based upon a num ber o f as­
sumptions that are either unsubstantiated or 
obviously false. “ Anticlines [according to 
Gwinn (1964, p. 8 8 9 )] are the principal prod­
ucts o f  Appalachian deform ation .”  I f  by “ prin ­
cipal”  Gwinn means size (length, breadth, and 
w id th ), then his basic assumption has to be 
rejected. This supposed “ fa ct”  is denied by the 
fold  delineations shown on the Tectonic Map 
o f the United States (U .S.G .S., 1961) which 
shows that from  Pennsylvania to Alabam a 
synclines are the principal structures in the 
folded Appalachians. The terms “ Appalachian 
basin”  and “ A llegheny synclinorium ”  fo r  the 
region  w est o f  the Appalachian structural 
fron t along the Cum berland-Allegheny fron t 
correctly describe that region  and s ig n ify  that 
its principal structures are likewise synclines.
On Gwinn’s Plate 2, tw o highly interpretive 
cross sections are shown w ith a deep decolle­
ment zone supposedly in the upper part o f  the 
Low er Cambrian at a depth m ore than 20,000 
feet. The necessity fo r  this deep decollement 
is lacking. The extensions or connective sole- 
fau lt segm ents are unnecessary extrapolations. 
The localized fau lting w ithin the anticlines can 
be explained by bedding-plane dislocations and 
superjacent disharm onic fo ld in g  incurred by  
the presence o f  weak zones ju st as Gwinn pro­
poses, but there is no need fo r  these faults to 
“ go anywhere”  down dip or to m erge w ith a 
phantom sole fault. It would appear to me that 
Gwinn, i f  his cross sections support his inter­
pretations, has overgeneralized fro m  soundly 
interpreted, local data, obtained from  wells, to 
regional interpretations extending fa r  beyond
U M R  Journal, No. 1 (April 1968)
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Fig. 2. Columnar sections of formations occurring in different portions of the general area that includes the “ pr 
file”  of the folded Appalachians described in this paper.
the bounds o f his facts and, I dare say, his 
firsthand knowledge. Local decollement zones 
w ith m inor structural displacement and w edg­
ing effects o f  the beds are commonplace in the 
Appalachians, but it is entirely reasonable to 
regard these m inor fau lt displacements as dy­
ing out down dip.
Gwinn makes a great point o f  showing that 
one cannot plunger-push thrust sheets by up- 
ram ping over long distances and says (p. 895) 
“ . . *. one is compelled to conclude that only 
internal body forces  generated by  the force  o f 
gravity, in com bination with directed tectonic 
forces  exerted by  the upthrust Blue R idge 
wedge, can begin  to explain the regional thin­
skinned deform ation o f the folded central A; 
palachians” . In other words to make thrustir 
from  the southeast feasible, the B lue Ridj 
directed forces need help— t^he help o f  gravit 
Gwinn’s cross sections provide his hypothes 
o f  a 180-m ile-wide decollement w ith absolute 
no help. The m ajor slope direction o f  his maj< 
units in Cross Section A -A ' are southeastwai 
not northwestward which is the d irection  th( 
would have to slope i f  gravity and the deforr 
ing forces  from  the far  away Blue R idge  r 
gion w ere to w ork synergistically to overcon 
friction  o f bed on bed. A ny gravity m otivate 
downslope m ovem ents in the southeasterly i; 
d ined sequences would be resisting, not pr
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Fig. 3. Geology of the Bane anticline, Giles County, Virginia. C, IS, D, and M refer to Cambrian, Ordovician, 
Silurian, Devonian, and Mississippian. Ccr—Copper Ridge Dolomite, Cn—Nolichucky Shale, Chk—^Honaker 
Dolomite, Cr—Rome Formation, Cs (inferred)—Shady Dolomite, Ce— E^rwin Quartzite.
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m oting, westward sliding. Therefore, it ap­
pears to the w riter that Gwinn in cham pioning 
the idea o f  westward Abscherung across a 180- 
mile wide belt is faced with the same mechani­
cal difficulties as those who never invoked 
gravity in their interpretations.
Gwinn (1964, p. 883) concludes that: “ The 
tectonic style and m ode o f deform ation o f  the 
‘folded ’ Central Appalachians is, thus, prac­
tically identical w ith that observed in the 
‘thrust-faulted ’ southern Appalachians. The 
only im portant difference between the two 
regions is that the upward shearing segments 
or ‘toes’ o f  thrust sheets in the southern Ap­
palachians have been exposed by erosion, 
whereas the ‘toes ’ o f the m ajor Central Appa­
lachian thrust sheets are still covered by a 
mile or m ore o f  stratified rocks.”
This interpetation is completely denied by 
the conditions in the Bane anticline o f Giles 
County, V irgin ia. This structure is unusual 
because the Rom e Form ation, the lowest pos­
sible decollement zone in the Paleozoic, is ex­
posed in the core o f the anticline (F ig . 3 ) . If 
one traverses the exposures o f  the Rome across 
the entire width, particularly the part so well 
exposed along the lane leading from  V irginia 
H ighw ay 100 to the Strader farm  home, the 
Rom e shales are observed to arch over in a 
simple fash ion almost as “ well behaved”  as 
the overlying Honaker Dolomite. In 1948, the 
C alifornia Company drilled a test well (No. 
1 Strader) to a depth of 1,370 feet on the 
Rom e w hich form s the exposed core o f  the 
Bane anticline. This test encountered Rome 
beds down only to a depth o f  about 30 feet, 
and all the rest o f the drilled interval was 
mainly ligh t cream y colored dolomite, resem­
bling the Shady Dolom ite o f  more southeast­
erly belts. The entire Rome there is not over 
325 feet thick, and nearly all o f it is exposed. 
There is no hint o f an Abscherung or decolle­
ment zone at this level. The Rome is the logical 
place fo r  bedding plane slippage and decolle­
ment, but the con form ity o f  the Rom e to the 
Bane anticline as developed in the overlying 
form ations is unmistakable. I f  the St. Clair 
and N arrows faults (F ig . 1) converge down­
ward and m erge into a sole fault that extends 
under' the Appalachian folds including the 
Bane anticline, the Rom e in the core o f  the 
Bane anticline should disclose evidences o f  the 
differential shearing, but the Rome does not 
do sq. I f  a decollement is going to pass under 
the Guiles County folds, where is it supposed 
to  be? So far as we can tell in the best o f  all 
places to see decollement, i f  it is present, none 
exists at the stratigraphic interval where
Gwinn says it occurs regionally in the folded 
Appalachians and which is the lowest zone fo r  
Abscherung noted anywhere in the folded A p ­
palachians.
Gwinn makes much over the evidence o f 
gravity  data which he claims show that the 
basement is not involved in the Appalachian 
overthrusts. G ravity data involve assumed 
values fo r  the densities o f  the rocks. Sedimen­
tary rocks, particularly the limestone and dolo­
mite sequence from  the top o f  the Knox Group 
down to the top o f  the Chilhowee Group, show 
densities as high as 2.78, or higher than P re­
cam brian granites and granitic gneisses such 
as those exposed in the Blue Ridge. How can 
gravity  data discern the elevation o f  the top 
o f  basement if  the density o f  5,000 feet or 
more o f Cambrian and Ordovician dolomites 
and limestones is the same as or even slightly 
higher than the density o f  the basement rocks ? 
The answer is that it cannot, and gravity  data 
therefore are not conclusive fo r  or against the 
point to which Gwinn seeks to apply it as posi­
tive evidence.
O f the two interpretations shown in F igure 
4, the interpretation shown with basement 
involved in the Bane anticline is every bit as 
sound as the alternative interpretation which 
i f  entertained at all m ust be related to some 
stratigraphically lower decollement zone than 
anyone has so fa r  suggested to exist.
Another deficiency in Gwinn’s data is strati­
graphic. The conclusion he draws, about rea­
sons fo r  thinning and thickening, are purely 
inferential. W hen beds thicken or thin, he 
attributes it as probably due to faulting. H is 
decollement depends upon involvement o f the 
folded Appalachians all the way to  the Blue 
R idge, but he has absolutely no evidence o f 
decollement all the way across the belt o f fo ld ­
ing to the Blue Ridge.
These very features o f  the Bane anticline 
were reviewed by John Rodgers and the w riter 
on October 16, 1966, as this paper was being 
finally drafted. Rodgers (oral com munication, 
O ctober 16, 1966) agreed that the Rom e con­
form s structurally and gives no indication 
whatever o f  being a decollement zone. That 
Appalachian thrusts follow  preferred  strati­
graphic zones fo r  considerable distances is 
well known and has been so fo r  at least 40 
years. However, the extrapolation from  equiv­
ocal data necessary to construct the picture 
o f  regional decollement proposed by Gwinn 
is unwarranted. It does, however, serve a use­
fu l purpose, because it makes it necessary to 
re-exam ine the idea, far-fetched  though it is.
W hether the Allegheny synclinorium  in
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Fig. 4. Interpretations of the structure across the folded Appalachians of Giles and Pulaski Counties, Virginia. 
A—shows structure as delineated by Butts (1933) in Cross Section H-H'. B—an attempt to interpret the same 
cross section by decollement. Symbols C, O, S, D, and M refer to Cambrian, Ordovician, Silurian, Devonian, 
and Mississippian. Individual Cambrian units in descending order are: Ccr—Copper Ridge Dolomite, Cc—Conoco- 
cheague Formation, Cn—Nolichucky Shale, Chk—Honaker Dolomite, Cel—Elbrook Formation, Cr—Rome 
Formation, Cs—Shady Dolomite, Ce—Erwin Quartzite, Ch—Hampton Formation, Cu—Unicoi Formation, 
Cbq—Chilhowee rocks undivided, and pCb—Precambrian basement rocks.
Gwinn’s main area of concern shows structural 
control of thickness of beds cannot be ascer­
tained from his paper. Another geologist writ­
ing on the Silurian salt of New York wrote as 
follows: “ The isopach map [Figure 7, p. 16] 
shows the [Silurian] salt zone to have a maxi­
mum thickness of more than 1,300 feet south 
of Seneca Lake, with progressive thinning to 
the west, north, and east. It is interesting 
to note that the axis of the Allegheny syn­
clinorium is approximately where the maxi­
mum thickness of the salt zone is on the map.” 
(Kreidler, 1963, pp. 15-16)
Doubtlessly such a persistent and thick salt 
zone had a profound effect upon adjustment of 
the beds to differential downwarp in the Alle­
gheny synclinorium that took place after the 
Devonian and Mississippian beds had accu­
mulated, that is, during Pennsylvanian time. 
Differential downwarp probably also caused 
adjustment faulting to take place in localized 
areas, especially between two synclines. The 
folds west of the Allegheny structural front 
are more reasonably interpreted as products 
of differential subsidence and localized adjust­
ment folding and/or faulting on the southeast 
side of the folded Appalachians.
SO U R C E  O F  THE W R IT ER ’S IDEAS 
O N  A P P A L A C H IA N  STRUCTURE
My first employment as a teacher was in 
Wichita, Kansas, where from September to 
June, I was duly baptised with the working 
concepts of petroleum exploration during a
five-year period in the late thirties and early 
forties. During the summer periods of those 
years, I was wrestling with the geology of a 
15-minute quadrangle in southwestern Vir­
ginia (Cooper, 1944). What impressed me 
most about my experiences in Kansas was the 
oil companies’ emphasis on convergence studies 
and isopach maps. In the great midcontinental 
region of the United States, the subsurface 
geologists were then finding unit successions 
that thickened and thinned and which were 
flexed gently here and there, particularly in 
basins where invariably the beds instead of 
being uniformly flexed downward were warped 
into gentle rolls and swales in a kind of sub­
dued synclinorium. I learned that structural 
basins were places where beds thickened and 
that anticlinal areas usually had thinned sec­
tions and numerous unconformities. Those 
ideas are “old hat” in the oil business.
From reading and from conversations with 
a number of geologists in Wichita, I came to 
appreciate that a sizable portion of the craton 
not only could but had subsided essentially as 
a unit for a long time and then subsequently 
for some unknown reason began to subside ir­
regularly with noticeable thickening and thin­
ning of beds from place to place. In the same 
State of Kansas, I learned about the Nemaha 
arch and the Central Kansas uplift which qual­
ified a s /‘buried hills.” I came to regard the re­
flection of structure in local stratigraphic 
variations as a matter of demonstrated fact.
It has seemed to me that Levorsen’s “layer
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cake geology” as a descriptive term for the ge­
ology of the interior area of the United States, 
particularly the midcontinental region, was not 
really very appropriate. The stratigraphic 
units, likened to cake layers, are not nice and 
even in thickness once you begin to examine 
the region in detail. Much of the interior “flat- 
rock” country is a region that was far from 
terrigenous-sediment source areas. Much of 
the succession is either limestone or dolomite 
formed indigenously in a shallow sea. What 
could cause such deposits to thicken and thin 
with development of structures of measurable 
closure? Was more limestone and shale de­
posited, or could we say “stacked up”, in shal­
low water, and the floor of deposition then dif­
ferentially downwarped under an irregularly 
placed dead-weight load of deposits put upon 
it? As one clever wit so aptly put it: “You 
cannot sink a rowboat by loading it with saw­
dust!” Neither can it be possible to load the 
crust with relatively light sediment and ex­
pect heavier rock at the level of subsurface, 
isostatic compensation to adjust a distance 
equivalent to the varying thicknesses of load­
ing sediments. To think so is to embrace a 
fantasy that the cart draws the horse.
Definition of structural elements on the 
Central Interior craton and of the nature of 
facies patterns that are thereby produced are 
nowhere better developed or better described 
.than in Illinois. The many excellent published 
reports of the Illinois Geological Survey that 
have delineated these structures so elegantly 
are truly modern and realistic contributions to 
stratigraphy and structure.
The researches of Cohee and Landes (1958) 
in Michigan likewise point up a “whopper” of 
a great, almost circular basin in which isopach 
contours and structural contours agree. One 
wonders why or even how the great Michigan 
basin could have been formed as a dimple that 
continued to grow by focal rather than axial 
subsidence. Although even today we have no 
satisfactory explanation for basins and swells 
on the interior craton, no one can doubt that 
they exist or that differential subsidence is a 
fundamental attribute of the earth’s crust—  
even pf so-called stable shelves.
I have never been able to follow the reason­
ing of some writers who perennially refer to 
the interior craton with its thick cover of 
Paleozoic sediments as a stable platform. Dic­
tionaries indicate that “stable” means fixed 
and immutable. The cover of Paleozoic rocks 
is itself massive and overwhelming testimony 
to the extensive, progressive, absolute sub­
sidence of the floor of the craton that was
necessary to allow accumulation of up to more 
than a mile of average thickness of shallow- 
water-laid sediments bed upon bed over a long, 
long time. The well-defined contact between the 
“basement” and overlying sedimentary rocks 
is an excellent surface of reference from which 
to discern what happened to the “stable” in­
terior craton in Paleozoic time. This surface 
in all but local spots now lies deeply buried 
not only below the land surface but in most 
places also far below sea level. We can draw 
but one conclusion, namely, that this clearly 
defined surface of nonconformity has gone 
down, and down, and down in all except a few 
places such as the St. Francois Mountains, and 
in at least a few places has subsided so pro­
foundly as to rival the basinal subsidence evi­
dent in the Appalachian geosyncline. The 
Michigan and Illinois basins are good ex­
amples. Stable platforms? No! Progressive, 
differential subsidence is a much more accu­
rate way of describing what happened to the 
craton and what caused its Paleozoic deposits 
to vary so much from place to place.
Despite the fact that I had this picture of 
the geology of the central interior United 
States so clearly in mind in the late thirties 
while I was working during the summers in 
the Appalachian region, I very definitely was 
not looking for signs of the interplay of stra­
tigraphy and structure in the folded Appala­
chians. Indeed, the thought had not yet en­
tered my mind. During the first ten years of 
my Appalachian work, my concepts conformed 
with then current beliefs, and it was only after 
years of stratigraphic study that I began to 
see the relationship between stratigraphy and 
structure in that region. With the exception of 
a few writings to which I shall allude subse­
quently, nearly all historical picturizations of 
Appalachian Paleozoic sedimentation have said 
almost nothing about how the floor of the Ap­
palachian basin subsided. If one reads between 
the lines of the Rodgers (1949, 1950, 1953), 
King (1950), R. L. Miller (1945, 1948, 1953, 
1954), and a number of others, the impression 
presented is that the floor of the Appalachian 
geosyncline subsided as a rigid platform dif­
fering only from the “stable” interior craton 
in the faster rate of basinal subsidence. Ac­
cording to Rodgers, King, R. L. Miller, and 
many others. Paleozoic deposition is thus visu­
alized as being brought to an end by climactic 
deformation of the Appalachian succession in 
a late Paleozoic, Appalachian Revolution prior 
to which the succession was essentially un­
deformed.
My own stratigraphic studies have provided
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me with convincing evidence that Appalachian 
structures evolved slowly and not as a conse­
quence of “ plunger pushing”  deform ation from  
the southeast or Blue Ridge side but by differ­
ential axial downwarping o f the geosynclinal 
floor of deposition during the accumulation of 
sediment (Cooper, 1964). Although decolle­
ment is a very logical interpretation o f the 
Cumberland overthrust block, R. L. Miller’s 
(1950, 1953, 1954) concept that the basement 
did not rise up under the Powell Valley anti­
cline, which he interpreted as a thin-skinned 
fold, was not followed by H arris and Zeitz 
(1962) who reached the conclusion that base­
ment does rise under the Powell Valley anti­
cline and is involved in the development of 
that fold.
Whether or not basement was generally in­
volved in Appalachian folding in space and 
time is still an unresolved problem, but there 
are powerful evidences that it was involved. 
A  number of deep drill holes are needed in 
areas where inform ation on depth to basement 
would be o f critical importance, that is, on 
great structural highs such as the core o f  the 
Rich Patch anticline in Allegheny County, V ir­
ginia, the Bane anticline of Giles County, V ir­
ginia, and the Burkes Garden dome in Taze­
well and Bland Counties, V irginia. It would 
also help immensely to have some core data on 
depth to basement in some o f  our great V ir­
ginia synclines such as the Blacksburg-Pulaski 
synclinorium (Cooper, 1961, 1963, 1964), the 
Greendale syncline (Butts, 1940; Averitt, 
1941; Cooper, 1964, 1966), the Massanutten 
synclinorium (Spencer, 1897), Cahaba and 
Coosa synclines in Alabama (Butts, 1927), and 
Bays Mountain synclinorium o f eastern Ten­
nessee.
ID EA S  O N  EARLY IN C EPT IO N  
O F  A P P A LA C H IA N  D EFO R M A T IO N
The date o f inception of Appalachian fold­
ing is a problem that fo r  most geologists is at 
best a possible argument as to whether the 
Appalachian Revolution began in Alleghenian 
time, or still later in the Pennsylvanian Pe­
riod, or in Permian time. Spieker (1956), how­
ever, has written with penetrating analysis 
about the time o f  Appalachian folding, and he 
has shown how really flimsy the evidence is 
fo r  a Perm ian erogenic date. This welcome 
iconoclastic blast at some o f  the widely ac­
claimed ideas about Appalachian geology 
should be read by every geologist interested in 
the structural evolution of that great region. 
It makes an excellent basis fo r  re-examining 
some of the unrealistic tenets that so many 
still embrace.
The early contribution o f Bailey W illis re­
garding inception o f  Appalachian folding is 
particularly noteworthy. In his comprehensive 
treatise, “ Mechanics of Appalachian Struc­
ture” , published in the 13th Annual Report o f 
the U.S. Geological Survey, 1893, W illis ad­
vances the concept o f  geosynclinal cannibalism 
and synchronous sedimentation and folding 
with progressive enlargement o f the folded 
belt by addition of step-fold synclines o f  depo­
sition that were added on one by one at the 
expense of the outer margin of the foreland 
shelf. These prim ary downfolds, so W illis be­
lieved, set the pattern for  folds developed later 
by tangential stress. He (W illis, 1893, p. 280) 
described Appalachian evolution as follow s:
During the period of sedimentation, which 
ultimately set up isostatic adjustment, there 
had been continuous shrinkage o f a nucleus 
cooling beneath the accumulating strata, and a 
corresponding compression strain in them ex­
isted without determinant direction or effect. 
Here were three continuous, growing condi­
tions— sedimentation, isostatic adjustment, and 
contraction. . . .
. . . Appalachian folding began at the time 
when deposition caused isostatic adjustment, 
and adjustment localized and directed contrac­
tion. It paused when contraction was satisfied, 
and deposition then recommenced the process 
which ran its cycle again and again.
W illis distinguished between original folds 
or “ synclines of deposition”  and subsequent 
folds produced by compressional stresses. He 
(1893, p. 251 ff.) clearly recognized the rela­
tion between local thickening o f depositional 
sequences in synclines o f  deposition and the 
spatial coincidence o f  these primary synclines 
with “ synclines o f deform ation”  or synclin- 
oria. He singled out the three largest synclin- 
oria in the folded Appalachians as exam ples: 
the anthracite basin o f Pennsylvania; the 
Massanutten syncline of Pennsylvania, Mary­
land, eastern West V irginia, and northern V ir­
g in ia ; and the Bays Mountains synclinorium 
o f eastern Tennessee. W illis’ ideas on early 
folding are remarkably clear, and beyond any 
doubt he believed in adjustment folding. But 
his ideas on causes fo r  differential subsidence 
do not agree with our ideas today. He was in­
clined, as had been James Hall (1857), to be­
lieve that irregular deposition caused syn­
clines o f  deposition. Today it is widely appre­
ciated— though not in all geological circles—  
that to believe that localized thicker deposits 
produced differential subsidence is to confuse 
cause with effect. The crust cannot be differ­
entially downwarped by loading it with vary­
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ing thicknesses of sediment. Sediment is too 
light to downbend the crust differentially and 
to displace heavier crust below to form a 
structural depression by adjustment to differ­
ential loading. The structural depression is the 
cause and the localized thickening in synclines 
of deposition is the effect of the structural 
downwarping. But, this faulty interpretation 
does not subtract markedly from Willis’ con­
cept of early folding as a control of deposition. 
This was one of his brilliant discoveries.
Ordovician, basinal warping in the Appa­
lachian geosyncline was suggested by Ulrich 
and Schuchert (1904) in a curious comedy of 
errors of stratigraphic miscorrelations by 
which the Athens Formation of eastern belts 
was correlated with the Lenoir Limestone and 
in turn with the Chickamauga Limestone of 
western belts. Because these supposedly equiv­
alent formations contained different fossils, 
Ulrich and Schuchert postulated tectonically 
generated subtroughs and intervening up- 
arched folds that prevented the subtroughs 
from joining together. The folds of Ulrich and 
Schuchert were inferred folds, not real folds. 
In Alabama, Butts (1927, pp. 104-105, 118, 
pi. 27) attempted to establish the equivalency 
of two stratigraphic sections on the basis of 
the assumed identity of two lithologically sim­
ilar micrites or calcilutites each overlain by a 
MociwWtes-bearing limestone— one of Lenoir 
(Marmor) age, the other of Ridley (Wilder­
ness Stage) age. The two Maclurites-hearia^ 
limestones, assumed to be the same, posed a 
problem to Dr. Butts, because the associated 
fossils in the eastern part of the Alabama fold 
belt did not occur in the other limestone which 
is present in Birmingham Valley to the west. 
To explain this curious situation. Butts, as 
Ulrich and Schuchert had done earlier, in­
vented an uparching barrier that separated 
troughs in which the two Maclurites-hearin^ 
limestones were deposited separately. These 
explanations viewed in historical perspective 
are somewhat amusing because the two Mac- 
itfrites-limestones are obviously of different 
age. One is of Marmor age, the other of Wil­
derness age. Even the Maclurites which Butts 
considered conspecific are different. In these 
cases,' syntectonism was postulated to solve 
.p^uradoxes in the stratigraphy that really did 
not exist.
Grabau (1909) reached a very significant 
condhsion about the time and place of incep­
tion of Appalachian folding from study of the 
Oswego Formation on Bald Eagle Mountain 
ip  central Pennsylvania. Grabau explained the 
sourc^ of the quartzite clasts in the “Bald
Eagle” (Oswego Sandstone) Formation of the 
Nittany arch by postulating the deformation, 
uplift, and erosion of Early Cambrian elastics 
on the eastern side of the Appalachian basin—  
a case of inferred geosynclinal cannibalism. 
P. D. Krynine’s heavy mineral studies of the 
same areas a generation later led him to the 
same general conclusion that Grabau had 
reached in 1909. Grabau’s interpretations, 
which got him involved with Ordovician syn­
tectonism, dealt with inferred folds believed 
by him to have been developed along the locus 
of the west base of the present Blue Ridge.
In the thirties, Marcellus H. Stow (1937) 
called attention to Middle Ordovician, coarse, 
intraformational rudites composed of cobbles 
of Cambrian and Lower Ordovician sedimen­
tary rocks identical in lithology to rocks of 
those ages exposed to the east of Fincastle, 
Botetourt County, Virginia. Subsequently, 
Kellberg and Grant (1956) described numer­
ous occurrences of similar beds of coarse con­
glomerate in the Middle Ordovician from Fin­
castle southwest to Tennga, Georgia. Although 
they correctly described the relative abun­
dance of different kinds of clastic pebbles and 
cobbles in these conglomerates of “Fincastle”- 
type, they apparently did not recognize fully 
the true significance of the conglomerates 
which constitute by any reckoning irrefutable 
proof of a profound degree of deformation of 
early Paleozoic rocks in Middle Ordovician 
time literally within the Appalachian basin 
itself (Cooper, 1960). These conglomerates 
were alluded to by King (1950) and cited as 
evidence of tectonism, but he did not spell out 
fully the “ in-basin” tectonic significahee of 
the conglomerates.
The downward stratigraphic range of the 
clasts in the Fincastle conglomerates (Cooper, 
1960) exposed in the type locality along U. S. 
Highway 220 a mile or so north of Fincastle, 
Virginia, is at least as low as the Lower Cam­
brian, Unicoi Formation whose characteristic, 
green, spheroidally weathering orthoquartzites 
are abundantly represented. Clasts of Cam­
brian Conococheague Limestone, Beekman- 
town Dolomite, and fossiliferous Middle Or­
dovician limestones of Marmor and Ashby age 
indicate the upper stratigraphic range of the 
source rocks aggregating well over 10,000 feet 
of beds. To derive, transport, and deposit 
clasts of so widely different age and hardness 
either by some upramping exhumation of 
buried strata along a great fault or by defor­
mation by folding of older Appalachian strata 
in Middle Ordovician time, sufficient to pro­
duce structural closures of 10,000 feet or more.
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simply had to  occur “ som ewhere”  to the south­
east o f  the tight, overturned, isoclinal syncline 
north o f F incastle in which the conglomerates 
are nestled. Looking at the area southeast o f  
Fincastle, the overthrust Chilhowee beds, ex­
posed on th e  Blue Ridge 10 m iles away, are o f 
the same facies and constitute the logical 
source fo r  the quartzite and arkosic clasts. 
But this would demand that the Blue R idge 
rocks be elevated in Middle Ordovician tim e; 
a situation which does not fit ruling theories 
of tectogenesis.
The stratigraphic level at w hich the F in ­
castle conglom erates occur is perplexing to 
orthodox ideas about a late Paleozoic date fo r  
all Appalachian deform ation. The widespread 
stratigraphic break between the Knox D olo­
mite and overly ing Champlainian limestones—  
evidence o f  eustatic low ering o f  sea level in 
late Canadian tim e— is distinctly lower and 
older than the Fincastle-type, polym ictic con­
glomerates occurring between Fincastle and 
Tennga, G eorgia. The Taconian disturbance 
leading to the deform ation that gave rise to 
the clasts in  the Cincinnatian “ Bald E agle”  
or Oswego Sandstone is definitely younger 
than the Fincastle-type conglomerates. That 
so profound  fo ld in g  a n d /or  up-faulting oc­
curred over a 250-mile stretch o f  the A ppa­
lachian geosyncline— from  Fincastle, V ir ­
ginia, to Tennga, G eorgia— literally while sed­
imentation was in progress sim ply cannot be 
denied. Of course, an in trigu ing question that 
emerges is th is : Is this the only example o f 
syntectonic activity in the Appalachian Paleo­
zoic succession? D id such structural deform a­
tion take place in the Appalachian deposi­
tional basin more than once, and i f  so, how  
many times ?
The w riter (1961) has referred  to other 
conglom erates in the Paleozoic succession that 
tell the sam e story : Bays sandstones or grits  
containing Cambrian quartzite clasts, K inder- 
hookian-Osagean conglom erates containing 
Clinton heavily ferruginous red sandstone 
clasts, and U pper M ississippian Princeton con­
glomerates containing M iddle M ississippian 
limestone clasts. The stratigraphic occurrences 
of these polym ictic conglom erates is sufficient 
to indicate beyond any doubt that syntectonic 
activities (fo ld in g  and fau ltin g ) were in p rog ­
ress in the Appalachian geosyncline through­
out much o f  the tim e during w hich the strata 
of the present Appalachian folded  belt w ere 
being deposited.
In 1964, the w riter pointed out that there is 
a relation betw een stratigraphy and structure, 
because m any m ajor existing structures very
plainly have controlled thickness and facies 
variations in Appalachian strata. This sug­
gests that the m ajor structures, much as W il­
lis said in 1893, began to take shape even as 
the beds accumulated. Appalachian fo ld in g  or 
deform ation was thus a long drawn-out pro­
cess and could not have been solely the effect 
o f  a terminal, late Paleozoic orogeny.
Perhaps it is appropriate here to indicate 
the rather tenuous bases fo r  the long held con­
clusion that the folds and faults in the folded 
Appalachian belt were form ed in beds that 
w ere not previously subjected to folding 
a n d /or  faulting.
IS A P P A L A C H IA N  F O L D IN G  A N D  FAU LT IN G  
ALL LATE P A LE O Z O IC  IN  A G E ?
The m ajor and totally unwarranted assump­
tion so widely held is that essentially all the 
structures o f the Appalachians form ed at 
about the same tim e by a tectonic revolution 
that terminated deposition in the Appalachian 
geosyncline. W hat is the supporting evidence 
fo r  this assum ption? There simply is no evi­
dence that all the structures (folds and faults) 
were form ed in the same tectonic episode. 
Based on the youngest beds known to be in­
volved in any given structure, one cannot em­
brace any stratigraphic evidence that will sup­
port a common period in w hich all the m ajor 
structures form ed. Indeed, there is abundant 
evidence to the contrary. For example, the 
Iron M ountain-H olston M ountain “ thrust”  in 
southwestern V irg in ia  and northeastern Ten­
nessee cuts beds no younger than Middle Or­
dovician, whereas, the Saltville and Pulaski 
thrusts cut beds as young as Chesterian.
The fa ct  that in Alabam a beds as young 
as Pottsville and in Pennsylvania beds as 
young as Alleghenian are definitely involved 
in close folding is not a sound basis fo r  in­
fe rr in g  that all Appalachian folds and faults 
developed only a fter Pottsville tim e or Alle­
gheny time— that is, unless one clings to the 
assumption that all structures had to be 
form ed at about the same tim e during an “ oro- 
gen”  (Gwinn, 1964). The w riter ventures to 
predict that w ithin a few  years we will have 
very  definite quantitative data that some o f 
the m ajor Appalachian structures w e see today 
w ere form ed as early as Middle Ordovician 
time. All the substantive data we have in our 
possession point to such a date o f inception o f 
movement o f the H olston M ountain-Iron 
M ountain block (K ing, Ferguson, and others, 
1960).
The Holston M ountain-Iron M o u n ta in  
“ thrust”  form s a m ajor portion o f  the trace
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Pig. 5. Holston Mountain-Iron Mountain thrust block related to the Middle Ordovician conglomerates of the 
South Knobs syncline. Clasts in the polymictic conglomerates are from the same lithofacies of Chilhowee beds as 
compose the Shady Valley block.
of the great, extensive fault that occurs along 
the northwest base of the Blue Ridge for ap­
proximately 100 miles from a point where the 
“thrust” disappears beneath the Buffalo 
Mountain thrust sheets 13 miles southwest of 
Jonesboro, Tennessee, northeastward to a 
point near Speedwell in Wythe County, Vir­
ginia/' where the Holston Mountain-Iron 
Mountain “thrust” probably merges with the 
Poplar Camp thrust or Blue Ridge thrust of 
the Speedwell-Ivanhoe-Austinville mineral dis­
trict of southwestern Virginia.
Thte Holston Mountain-Iron Mountain  
.thrust, according to traditional interpretation, 
is conceived to have originated in late Paleo­
zoic .time during the so-called Appalachian 
orogeny (Butts, 1932). The horizontal dis­
placement along the fault is reckoned as 
greater than 16 miles (Fig. 5). By any method 
of evaluation, the Holston Mountain-Iron 
Mountain “thrust” is one of the major faults 
of the Appalachians. The overridden and over­
riding rocks have been broken by transcurrent 
faults, the largest of which is the Cross 
Mountain fault (Fig. 5).
King and Ferguson (1960) believe that 
three tectonic episodes have affected northeast­
ernmost Tennessee: 1) a Precambrian orogeny 
that metamorphosed the crystalline rocks be­
fore accumulation of the Mt. Rogers and 
Chilhowee successions of Late Precambrian 
and Early Cambrian age; 2) a Middle Ordo­
vician orogeny deduced from Middle Ordovi­
cian clastic sediments in eastern belts of
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southwestern V irg in ia  and northeasternm ost 
Tennessee, particu larly the polym ictic con­
glom erates o f F incastle type w hich are com ­
posed o f  clasts derived from  the entire suc­
cession from  the M iddle O rdovician limestones 
down through the basal Cam brian Chilhowee 
elastics and into the Precam brian crystalline 
rocks; and 3) the late Paleozoic orogeny or 
Appalachian Revolution.
A ccord ing to K ing, Ferguson, and others 
(1960, p. 8 5 ), the chronology o f late Paleozoic 
deform ation in northeasternm ost Tennessee 
was as fo llo w s :
(1) parautochthonous deform ation o f the rocks 
below the so-called Shady Valley thrust 
sheet, during which the Shady Valley 
thrust sheet was emplaced;
(2) concom itant arching o f  the Holston Moun­
tain-Iron Mountain flat thrust surface, 
as reflected by the anticlinal arching of 
the Mountain City window area and by 
the dow nfolding o f the northwestern edge 
o f  the Shady Valley thrust sheet to form  
the Stony Creek syncline; which was ac­
com panied by
(3) emplacement o f the thrust sheets o f  the
Stone Mountains and Buffalo M ountain; 
and finally somewhat later
(4) emplacement o f the Great Smoky thrust 
sheet and form ation o f  the Cross Moun­
tain fap lt and other transcurrent faults.
There is every reason to question the va lid ity  
o f  the interpretation o f the H olston M ountain- 
Iron M ountain thrust as necessarily o f  late 
Paleozoic age. Let us look at the evidence.
Throughout its entire length o f about 100 
miles, the H olston M ountain-Iron M ountain 
thrust zone nowhere cuts rock younger than 
M iddle Ordovician black shales and inter­
calated graywackes and polym ictic conglom ­
erates. I f  we look at these conglom erates, there 
is a definite indication that somewhere south­
east o f  the places where polym ictic gravels 
were deposited in M iddle O rdovician time, 
structural deform ation  was sufficient to  bring  
the entire succession from  Middle O rdovician 
down to and through the Chilhowee succession 
— som e 10,000 feet o f  beds— up into the realm 
o f erosion.
Despite the fact that the Holston M ountain- 
Iron M ountain “ thrust”  sheet lies ju st south-
Fig. 6. Denton Valley salient of Shady Valley thrust block. The Middle Ordovician conglomerates occur just 
beyond the salient. Om— Middle Ordovician beds, Oms—Middle Ordovician sandy and conglomeratic beds, 
Oj —Jonesville Limestone (Canadian), Cc—Conococheague Formation, Cel— Elbrook Formation, Cr— Rome 
Formation, Cs— Shady Dolomite, Ce—Erwin Quartzite, Ch— Hampton Formation, Cu—Unicoi Formation. 
pCb—Precambrian basement rock.
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east o f the locus o f these polym ictic conglom ­
erates and is, indeed, composed o f  clasts from  
the same precise lithofacies as are represented 
in the M iddle Ordovician intraform ational 
conglom erates, the connection or possible con­
nection between the conglom erates and the 
overrid ing thrust mass has heretofore been 
ignored.
As shown in F igure 6, the well-known poly­
m ictic conglom erates which occur in the M id­
dle Ordovician shale-sandstone-graywacke suc­
cession along V irg in ia  H ighw ay 750 just south 
o f  Avens Ford B ridge and which contain the 
same age range o f clasts as the conglom erates 
at Fincastle, V irg in ia , 100 miles to the north­
east, occur nestled in the trough portion o f  the 
South Knobs syncline in a structural situation 
that is m ost interesting. Im m ediately south­
east o f the conglom erates exposed along V ir­
gin ia  H ighw ay 750, a plunger-like salient v ir­
tually extending out to the conglom erates 
themselves has broken up the stratigraphic 
section right up to the beds in w hich the poly­
m ictic conglom erates are intercalated. I f  one 
is fam iliar w ith  the types o f  pebbles in the 
conglom erates occurring in the South Knobs 
syncline, their derivation from  the Shady 
Valley block o f  the Holston M ountain-Iron 
M ountain “ thrust”  rather than from  the d if­
feren t Chilhowee rocks exposed w ithin the 
M ountain City w indow  seems almost obvious. 
I f  the H olston M ountain-Iron M ountain thrust 
mass was advanced 17 miles in late Paleozoic 
time, as K ing and Ferguson claim, how does 
it happen that the quartzite and arkose clasts 
in  the conglom erates were not derived from  
the parautochthonous Chilhowee rocks closer 
at hand, such as occur in the M ountain City 
w indow ? I f  the H olston M ountain-Iron Moun­
tain  thrust was not generated until late Pale­
ozoic tim e, then the particu lar Chilhowee rocks 
from  w hich the clasts seem so clearly to have 
been derived were 17 miles farther southeast 
than now. H owever, i f  the Holston M ountain- 
Iron  M ountain block m oved out and plowed up 
the beds right out to  the South Knobs syn­
cline, the derivation o f  the quartzite and ar­
kosic clasts from  the advancing thrust sheet 
would be a much m ore realistic interpretation. 
The peculiar structural salient o f  the thrust 
mass in the Denton Valley area (F ig . 6 ), 
bounded on either side by tear faults, is like a 
great finger pointing from  the Shady Valley 
overthrust block to the conglom erates. I f  there 
is no casual connection, then this peculiar 
structural setting next to the conglom erates is 
an am azing coincidence.
But, w e need not drop this relationship as
being a likely but equivocal matter. N ature 
has provided us w ith an almost ideal situation 
fo r  dating the inception o f  movement along 
the H olston M ountain-Iron M ountain fault.
A s shown on F igure 5, from  K ing and F er­
guson’s map o f  northeasternm ost Tennessee, 
the rocks fram in g the M ountain City w indow  
are ideally situated to em ploy radiom etric dat­
ing techniques to explore the time o f  genera­
tion o f  the H olston M ountain-Iron M ountain 
thrust. On the northw est side o f  the M ountain 
City window, there are fou r  prom inent wedges 
o f Precam brian m icaceous crystalline rocks 
ju st above the great fault. Their Precam brian 
age is attested by the fa ct that they are un- 
conform ably overlain by  the U nicoi F orm a­
tion. A t the north end o f the M ountain City 
window, there are coarse agglom erates o f  the 
Mt. R ogers series containing m icaceous and 
feldspathic clasts o f  coarsely crystalline rock. 
The Precam brian ages o f  these rocks can be 
readily verified by R ubid ium /S trontium  (R b /  
Sr) dating. However, the position o f  these 
rocks next to the great thrust surface indi­
cates that they probably were subjected to 
frictional shearing and heating sufficient to 
reset their P otassiu m /A rgon  (K /A r )  radio- 
m etric clock. Expectably, these rocks should 
give K /A r  dates that reflect the last tim e that 
these rocks were subjected to significant d e for­
mation. B y establishing that these crystalline 
rocks are truly Precam brian by radiom etric 
dating w ith R b /S r  m ethods and by using 
K /A r  methods fo r  determ ining the last tim e 
the rocks have been heated up above 200 °C, as 
they would have been by  faulting, we can de­
term ine that these Precam brian rocks lost 
their early radiogenic argon in Paleozoic time. 
I f  their K /A r  dates fa ll in the range o f  220 
to 315 m illion years, a late Paleozoic age prob ­
ably s ign ify in g  a term inal Paleozoic orogeny 
will have been reaffirmed. But i f  the K /A r  
dates fall in the range o f 450 to 500 million 
years, we shall have pow erfu l evidence fa v o r ­
ing a M iddle O rdovician orig in  o f  the Holston 
M ountain-Iron M ountain “ thrust”  mass o f 
w hich the dated rocks are a part.
The purpose o f  this discussion is to point 
up the fa ct  that: 1) sedim entation in the A p ­
palachian geosyncline and in-basin tectonism  
o f  the kinds that generated Appalachian folds 
and faults were synchronous activ ities ; and
2) deform ation, though doubtlessly active dur­
ing the later Paleozoic time, was not concen­
trated in a term inal orogeny such as the 
com m only called Appalachian Revolution but 
was itself, like Paleozoic sedim entation, an 
evolutionary process.
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As the w riter has shown previously (Cooper, 
1964), orogeny m ay very well be a mislead­
ing term fo r  Appalachian deform ation. The 
idea o f  a lo fty  chain o f  mountains pushed up 
by com pression was stylized all too well by 
R. T. Chamberlin (1910) on the basis that the 
mechanics o f  deform ation are governed by a 
supposed, inescapable fact, namely that the 
easiest direction o f  relief to com pression stress 
is always up. Such ideas still have great ap­
peal fo r  m ost geologists (Gwinn, 1964). G eo­
synclines are the result o f subsidence, and 
such large downwarps doubtlessly generated 
compression. Both up- and down-warping in 
geosynclines could have occurred as a result 
of subsidence alone or as collateral effects o f 
compression generated by crustal subsidence.
The classic pressure box experiments o f 
Bailey W illis (1893, pis. 66 f f ) ,  though cer­
tainly well intended, created a world of m is­
chief. Such contrivances preordain that the 
structures actively form ed are anticlines. 
Pressure-box synclines are passive form s cre­
ated by the active form ation o f  two adjacent 
anticlines. Partly fed b y  the geologists’ own 
preoccupation with anticlines as oil structures, 
the concept that com pressional forces gener­
ated original, anticlinal mountains is so in ­
grained in Am erican geology that it seems 
poor judgm ent to  oppose it. Recall Gwinn’s 
flat statem ent that the principal effects o f  
Appalachian deform ation are anticlines. In 
one o f  the better known texts on historical 
geology, the original Appalachian Mountains 
were pictured as being raised up as high as 
the Rockies— as h igh  as the Alps in a previous 
edition. A las, that such unfounded statements 
could have been incorporated in a textbook 
that is likely to be  taken by innocent young 
minds as g osp e l!
The structural architecture o f  the folded 
Appalachians today is still a synclinorium  o f 
regional proportions. I f  the reader will look 
at the “ Tectonic Map o f  the United States” , 
which was doubtless constructed and de­
lineated by anticlinally minded geologists, the 
inescapable, self-evident fa ct is that the m ajor 
Appalachian structures from  Pennsylvania to 
Alabama are synclines, not anticlines. The 
longest anticline on the Tectonic Map is 
dwarfed b y  the longer axes o f  synclines. The 
great synclines o f  the Appalachians including 
the Massanutten syncline, Scranton basin, E l­
liott Knob syncline, M cClung syncline, Johns 
Creek syncline, Angels Rest-Butt Mountain 
synclinorium . E ast R iver M ountain synclino­
rium, H urricane R idge syncline, Greendale 
synclinorium , K im berling basin. Bays M oun­
tain synclinorium , Coosa syncline, and Ca­
tawba basin dw arf all the associated anticlines.
B y m ost reckonings, the “ thrusts”  o f  the 
Southern Appalachians are interpreted as 
“ up-”  and “ overthrusts”  a regional shearing 
phenomenon illustrating another type o f  re­
sponse to upward yield o f compressed beds. 
W hether this interpretation is correct is de­
batable. That it is the only reasonable expla­
nation fo r  “ thrusting”  is indefensible from  
present knowledge.
I f  differential downwarps produced the be­
ginnings o f our great synclines while deposi­
tion was in progress (Cooper, 1961, 1963, 
1964), thrusting could have been initiated by a 
bordering zone o f differential subsidence 
which may have encouraged structurally 
higher beds bordering the basin to peel off and 
move over the downwarped syncline, shutting 
off further sedimentation. This possibility for 
“ do-it-yourself thrusting”  by  downwarping of 
adjacent overridden areas which would make 
“ overthrusting”  easy removes m ost o f  the pro­
found mechanical difficulties o f  “ up thrusting” 
or ram ping up o f  great blocks. It also removes 
any necessity fo r  transm itting deform ing 
stresses across the Appalachians from  the area 
o f the Blue Ridge. That this m ode o f  local 
generation o f “ thrusts”  is applicable seems 
to me to be demonstrated by some o f  our great 
synclines, such as the Blacksburg-Pulaski syn­
clinorium  (Cooper, 1963).
The structural condition in the Blacksburg- 
Pulaski synclinorium  illustrates a not uncom­
mon situation with 1) older “ overthrust” 
rocks occupying the core o f  a syncline, 2) 
these beds lying in virtual structural paral­
lelism w ith the younger, underlying indige­
nous beds, and 3) the older overriding beds 
separated from  the indigenous beds by what 
is obviously a bedding-surface “ thrust”  whose 
synclinal flexure conform s approxim ately with 
the structure o f  both overrid ing and overrid­
den beds.
F igure 7 illustrates this condition as it oc­
curs in the Blacksburg-Pulaski synclinorium. 
The Clayton H ollow  fau lt (Cooper, 1939, 
1940) which cuts both the Pulaski fault and 
both overridden beds is typical o f  faults re­
sponsible fo r  m ost o f  the w indows in the Pu­
laski plate in the M ontgom ery-Pulaski County 
area.
The relations indicate clearly the follow ing 
chain o f  events:
(1) long, protracted sedimentation in the area 
o f the depositional syncline;
(2) overriding of the youngest (Mississippian) 
beds deposited in the area of the syncline







Fig. 7. Structure section and restored cross section of Blacksburg synclinorium, Giles, Pulaski, and Montgomery Counties, Virginia. Mssh— Mississippian 
sandstone and shale, Dssh— Devonian sandstone and shale, Ss— Silurian sandstone, Osh— Ordovician sandstone and shale, Olsh—Ordovician lime­
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by a body of Cambrian and younger rock 
whose bedding conform ed to the nearly 
flat overridden Mississippian strata; and
(3) subsequent downwarping o f the over­
thrust and overridden beds and interven­
ing “ thrust”  surface into a deep syncline, 
portions o f  which were so overturned as 
to be broken by a high angle fault that 
cut beds below the Pulaski thrust, the 
Pulaski thrust surface, and younger over­
ridden beds.
Such a complex situation signifies that ver­
tical movements— more specifically sharp, d if­
ferential downwarps— were the overshadow­
ing, m ajor tectonic feature o f  the Appalachian 
m iogeosyncline as it evolved into a geosyn­
clinorium. These selectively downwarped areas 
subsided not only before  m ajor thrusting but 
also after thrusting.
It m ight be added that the Pulaski “ thrust” 
nowhere cuts beds younger than the Chester­
ian Stroubles Form ation (Cooper, 1961, 1963). 
Except fo r  frictional drag and concurrent 
brecciation of beds close to the bottom  o f the 
displaced “ thrust”  block, the general parallel­
ism of the bedding in the overridden Stroubles 
Form ation with that o f  the main body o f over­
riding Cambrian beds signifies that at the time 
o f  thrusting the Stroubles beds were essen­
tially flat and undeform ed as were the over­
riding beds and the “ thrust”  surface separat­
ing them. There is no evidence whatever that 
the generation o f the Pulaski thrust was 
younger than M ississippian, but it is evident 
that the Blacksburg-Pulaski syncline contin­
ued to evolve after overthrusting as a con­
sequence o f axial downwarping sufficient to 
produce structural closures o f  about 3,700 feet 
in the Pulaski thrust surface (Cooper, 1963). 
Such evidence as presented suggests that not 
all Appalachian fo ld in g or fau lting occurred 
at the same time.
T H IN -SK IN N E D  V ER SU S  T H IC K -SK IN N E D  
D EF O R M A T IO N
Because o f rather voluminous prior discus­
sion of the m echanics o f  Appalachian d efor­
mation by Rodgers (1949, 1950, 1953, 1964), 
the w riter (Cooper, 1961, 1963, 1964), and 
Gwinn (1964 ), no review  o f  this polem ic ar­
gument o f  the Abscherung or decollement hy­
pothesis advanced by Rich, M iller, and Rogers 
versus the basement control and support of 
fo ld ing is needed. Rodgers believes the folds 
are largely superficial and developed in only 
the overriding master thrust masses with the 
strata and basement below le ft  immutable and 
free  o f involvement in the superjacent Appa­
lachian structures. Inherent in R odgers’ “ no
basement” hypothesis is the idea o f a post- 
depositional orogeny. Rodgers (oral com mu­
nication, October 16, 1966) still admits that 
his hypothesis is lacking in substantial proof 
as the regional explanation fo r  Appalachian 
deform ation, although Gwinn (1964) regards 
the case for  regional decollement deform ation 
essentially proven by recent deep drilling in 
the Appalachian folded belt. The w riter re­
gards the evidence fo r  gradual evolution of the 
main Appalachian folds (and faults) over a 
long period o f  time as self-evident, conclusive, 
and incontrovertible. He does not deny that 
decollement has been active here and there 
throughout the Appalachians, but he cannot 
accept the structural integration of all the 
folds and all “ thrust” faults into a unified 
tectonic pattern based on the existence of a 
master sole thrust. Nor does he believe that 
all the structures were form ed at the same 
time.
W hat is really needed is a deep test hole 
drilled in a position that would clearly deter­
mine whether an Abscherung zone underlies 
the folded Appalachians. The existence of an 
Appalachian-wide sole thrust as conceived by 
R. L. Miller (1945) and Gwinn (1964) re­
mains to be proven. U nfortunately no test 
hole in the southern folded Appalachians has 
gone deep enough to encounter basem ent! The 
w riter finds Abscherung deform ation possible 
only locally, as so eloquently illustrated on a 
dim inutive scale on the east wall o f New River 
Gorge in Giles County south o f Eggleston, V ir ­
ginia (F ig . 8 ) . There, the Abscherung zone 
is a prom inent bentonite in the Eggleston- 
M occasin succession. The structural control o f  
stratigraphic variation in the southern Appa­
lachian region is too clearly demonstrated to 
be ignored or denied. The structural geologist 
is not inclined to believe in structural control 
o f  stratigraphic variation. The w riter cannot 
believe in a late Paleozoic age fo r  all Appala­
chian structures. Both Rodgers and he believe 
that a well carried to basement on the Bane 
anticline would go a long way toward settling 
existing opposing ideas. M any aspects o f A p­
palachian structure cannot be finally settled 
until we have more subsurface data. The cen­
ter o f  the Bane anticline is the ideal place fo r  
scientific exploratory drilling because the shal­
low drilling that has already been done there 
has failed to demonstrate any decollement in 
or at the bottom  o f  the Rom e Form ation. As 
previously mentioned, the Rome conform s 
structurally w ith the Honaker and higher fo r ­
mations com posing this great anticline. I f  any 
decollement zone occurs at greater depth in
U M R Journal, No. 1 {April 1968)
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Fig. 8. Disharmonic folding in the upper part of the Moccasin Formation, above a local bentonitic shale which 
has served as a decollement surface. The thickness of beds involved in the disharmonic folding is about 50 feet. 
Note fan cleavage in tightly folded bed in the syncline. (Gathright)
older form ations, it would be surprising be­
cause the Rom e is the oldest form ation  ex­
posed along any of the exposed “ thrusts”  west 
o f  the Chilhowee belts o f outcrop. The main 
body o f  rock, over a 1,000 feet thick in the 
No. 1 Strader test, was dolomite that in color 
and texture resembles the Shady Dolom ite that 
normally underlies the Rome. The bottom  few  
feet o f the Bane test well showed sandstones, 
and it is not at all unlikely that these sand­
stones are low er Shady or pre-Shady rocks. 
Because the Chilhowee Erw in quartzite nor­
mally underlies the Shady Dolom ite, it is prob­
ably that the sandstone is o f  Chilhowee age.
From  what already is known about the rocks 
under the Rom e shales in the Bane anticline, 
it would appear a strong possibility that the 
basement rock is closer to the surface there 
than at any other southern Appalachian loca­
tion. It is doubtful that a thick succession o f
the Chilhowee. Group persists westward as fa r  
as the Bane anticline o f  Giles County, so that 
the top o f  the Precam brian basement may be 
within 2,000 feet or less o f the surface. XJntil 
we know the nature and character o f  all the 
pre-Rom e strata, we will not know whether 
there is a still lower shale or evaporite zone 
where decollement could take place. I f  future 
deep drilling to basement iii the Bane anti­
cline discloses no lower, hitherto, undiscovered 
shales or evaporites suitable fo r  Abscherung, 
then the concept o f  a regional sole fau lt under 
the Appalachians will have to be abandoned, 
because such a sole fault to explain Appala­
chian structures must be everywhere i f  it is 
anywhere under the whole width o f  the A ppa­
lachians. Thus the Bane anticline looms as a 
particularly fine location fo r  settling the con­
troversy over the nature and cause o f  Appa­
lachian deform ation.
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Fig. 9. Pride Shale Member of the Bluestone Formation 11.4 miles west of Princeton Gate on West Virginia Turn­
pike. A large “ slug” of shale with contorted structure and brecciation at the bottom has slid down a trough (toward 
the viewer). Motivation of the “ slug”  is believed to have been gravity acting on a gentle depositional slope down 
into the Hurricane Ridge syncline of deposition. (Gathright)
Fig. 10. Close-up of portion shown in Figure 9 showing details of the lower portion of the motivated “ slug.” (Gath­
right)
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P E N E C O N T E M P O R A N E O U S  A D JU STM EN T  
STRUCTURES
One long overlooked facet of Appalachian 
geology that deserves serious attention o f both 
stratigraphers and structural geologists is the 
pre-consolidation slump structures which de­
veloped by movement down prim ary deposi­
tional slopes or on differentially downwarped 
depositional floors. The structural geologist is 
too often inclined to take the beds fo r  granted, 
to  discount stratigraphic data as not pertinent 
to  the area o f his interest and concern. Pre­
consolidation slump folds and faults are a part 
o f  the structural picture as well as o f  the 
stratigraphy. Such m inor structures may give 
a clue to  the inception of m ajor structures. 
They are far more common than most geol­
ogists realize. W hat has impressed me most 
from  personal observations is that wherever 
there are extensive, completely exposed sec­
tions o f  form ations, there are generally abun­
dant evidences o f  slump structures. The over­
whelm ing m ajority o f  those the w riter has 
seen are slumps that took place in directions 
that w ere structurally down dip or down 
plunge. Perhaps the finest example o f associ­
ated down-slope slump phenomena has been 
exposed by prelim inary excavations fo r  a new 
throughway across Red Mountain in Birm ing­
ham. The cuts are described briefly in the 1965 
fieldtrip guidebook o f  the Alabama Geological 
.Society by  T. J. Carrington and W. A. Thomas 
o f  Birm ingham -Southern College. N o b rie f ac­
count o f  all the penecontemporaneous slump 
structure and also post-consolidation, down-dip 
slip o f bodies o f  sediment could do justice 
to  these magnificent fresh exposures. These 
structures can be photographed now  probably 
better than any other display, because o f  the 
freshness o f exposures. The structures include 
fantastic slump folds, many small normal 
faults w ith  self-evident proof o f actual as well 
as relative movement, and drag effects. Down- 
dip structures are indication o f  down-dip mass 
movement o f sediment in the pre- and post­
consolidation stages o f  deposition.
Another m agnificent display o f  penecontem­
poraneous down-slope slump of sediment oc­
curs ,jn the Pride Shale exposed on Interstate 
Route 77 on the W est V irgin ia  Turnpike 11.4 
miles w est o f  the Princeton, W est V irgin ia  
Gate (F ig s .9-11). The illustrations reproduced 
here from  the Geological Society o f  America, 
Grand Appalachians Excursion Guidebook 
(Cooper, 1961) illustrate conclusive proof that 
these curious fault systems were penecontem­
poraneous and were the result o f  mass differ­
ential m ovem ent o f  partially consolidated sedi­
ment down toward the axis o f  the great H ur­
ricane R idge syncline.
In other parts o f  the same downfold, ju st 
northeast o f  the M ercer County A irport on 
Road 25/3 just below the borders, the Penn­
sylvanian outline in the structurally deepest 
portion o f  the H urricane R idge syncline, up­
permost red beds o f  the Bluestone Form ation 
(post-E lvira, M ississippian) are fantastically 
slump folded with curious “ angular diastems”  
showing between deform ed “ slugs”  o f  rock and 
overlapping less deform ed beds (F ig . 12 ). 
Beds with local dips o f  90 degrees in an other­
wise generally nearly horizontal position s ig ­
n ify  penecontemporaneous slump in grow ing 
depositional synclines.
A  third area fo r  view ing fantastic digitate 
pre-consolidation fo ld in g  is in the rim  rock 
o f the Jamison Black Marble Company’s 
quarry in northwest H arrisonburg, R ocking­
ham County, V irg in ia  (F igs. 13-16). This 
quarry is located on the southward plunging 
end o f  a m ajor anticline which fades out 
southward into a broad syncline in the E din­
burg Limestone o f  Champlainian age. The 
bedrock is a black high-carbonate rock that 
contains m odestly thin layers some o f  w hich 
slumped down prim ary slopes on the then 
prevailing depositional floors that were being 
differentially downwarped during deposition.
Such structures present additional evidence 
o f  sediment adjacent to grow ing structure 
which evolved as deposition took place, and 
they deserve comprehensive and detailed study 
and analysis. They are part o f  the stratigra­
phy and the structure. One does not have to 
be very venturesome to suspect that evidences 
o f penecontemporaneous slump fo ld in g and 
fau lting in the Appalachians have hitherto 
been ignored because people simply were not 
looking fo r  them and because they were op­
erating in a fram e o f  reference rigged by 
unwavering belief that the beds remained flat 
until late Paleozoic Appalachian fo ld in g  took 
place. W e seldom see all that is apparent un­
less all o f  it fits into our fram e o f  reference.
H O W  W ERE  A P P A L A C H IA N  FO LD S  
A N D  FAULTS F O R M E D ?
This m ighty poser plagues any and every 
Appalachian geologist. It is natural and to 
be expected that explanations fo r  Appalachian 
fo ld in g will be diverse and varied fo r  many 
years to come. There are overwhelm ing c ir ­
cumstances that will prevent us from  reaching 
final answers very quickly. F or one thing, 
probably less than 10 percent o f  the areal 
geology o f  the Appalachian belt has been
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Fig. 11. Pride Shale at 11.5 miles west of Princeton Gate, showing south border of another “slug.”  Note even 
overlapping o f the displaced slug and bordering shale masses by cover of shale (exposed on vertical face above 
shelf on cut). (Gathright)
Fig. 12. Angular diastems in the upper part of the Bluestone Formation along Road 25/3 near junction with 
Virginia Highway 75 near Bluefield-Mercer County Airport. The deformed beds are near the trough of the Hurri­
cane Ridge syncline. (Gathright)
Fig. 13. Southeast face of Jamison Black Marble Company’s quarry 1 mile northeast of Harrisonburg. Note steep 
dips and sharp folds in middle zone, which are disharmonic with the middle zone. Creep of the middle zone while 
it was in the hydroplastic state was to right and down the plunge of a major anticline. (Lowry)
Fig. 14. Fantastic digitation structures produced by down-plunge creep of limestones prior to consolidation in 
Jamison Black Marble Company’s quarry.
Fig. 15. Fantastic digitation folds to left of beds shown in Figure 14. Note variation in thickness of beds in various 
parts of the structures. (Lowry)
Fig. 16. Curious microfractures associated with fantastic slump folds in Fdinburg Limestone in Jamison Black 
Marble Quarry.
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mapped reliably in modern detail. In this 
great, challenging region, one is lucky to find 
a quadrangle in which much more than 1 per­
cent o f the total surface area constitutes bare 
bedrock. Thus, even the most cautiously con­
ceived “ fa c t ”  map is not free o f inference. As 
B. L. M iller (1944) so clearly stated, a geo­
logic map which at best is largely inference 
cannot safely be taken as a basis o f  fact that 
corroborates the m apper’s interpretations of 
the structure. M ore quadrangles must be 
mapped and remapped by people with their 
eyes and minds open to see what there is to 
see. Many phases o f our science ow e the auto­
m obile a debt o f  gratitude fo r  impelling ever 
m ore road construction and great new ex­
posures o f  rock that can be studied.
W e should be thankful also fo r  the gradual 
accumulation o f  well and drill-hole data. The 
truth is that the lim ited exposure o f  rocks in 
the Appalachians are not enough to satisfy 
the diligent student o f  stratigraphy or struc­
ture. The third or vertical dimension can read­
ily be m isconceived and m isinterpreted from  
factual 1 to  5 percent knowledge o f  the bed­
rock geology, as gleaned from  study o f all the 
outcrops. Appalachian geology cannot be cor­
rectly interpreted until we have w ide coverage 
o f  areas, preferably banks o f quadrangles 
mapped by  many different geologists each with 
his own ideas and ingenuity. Only then will a 
true appreciation o f geologic conditions be 
possible. N ew  topographic maps abound, but 
all too few  are being used as bases fo r  new 
detailed geolog ic maps.
Stratigraphy, often a more bungled than 
enlightened field o f  Appalachian geology, 
needs and deserves better treatm ent than it 
generally gets. One can hardly expect to solve 
stratigraphic problem s on a regional basis 
before  they have been understood on a local 
basis. All o f  us are fam iliar w ith  regional 
stratigraphic studies based on sections many 
o f  which are 20 miles or more apart. W hat else 
could be conceived from  such a study except 
broad regional changes? This does not mean 
that the variations are necessarily as described 
or interpreted. But w ith  our present profes­
sional disposition to downgrade local work and 
upgrade regional studies, a regional study 
based on sparse data is considered to consti­
tute a b igger geolog ic picture and, therefore, 
is m ore o f  a scientific contribution. Some o f 
us object to  this w idely held view . Detailed 
w ork  will disclose new dimensions to complex­
ity  that regional studies carried on by the 
“ hop, skip, and jum p”  approach can never 
discover.
lii a typical Appalachian 7^ -m in u te  quad­
rangle with perhaps 35 “ exposed” , mappable 
stratigraphic divisions, how  many sections 
would have to be measured before one had 
a truly reliable basis fo r  concluding any given 
form ation  has uniform  thickness throughout 
the area o f study, or a definable vector to 
thickening or thinning. T o  relate a sad per­
sonal experience that bears on the inadequacy 
o f our view o f  stratigraphic variation  may 
serve a useful purpose. I recently talked to a 
young geologist w ho had mapped a certain 
Appalachian quadrangle and I asked him, 
“ How thick is form ation  ‘X ’ in your quad­
rangle?”  His reply was, “ D idn ’t you know  that 
form ation  ‘X ’ has been accurately measured 
in a nearby area?”  (tw o quadrangles and 30 
minutes o f longitude removed from  the one he 
had stu d ied ). Alas, beds cannot be trusted that 
far. The remark is sym ptom atic o f  a basic 
prem ise that is utterly false, namely, that 
stratigraphic variations are characteristically 
regional in scope rather than local. One will 
obtain a whole new  view  o f  Appalachian 
stratigraphy i f  he makes detailed m easure­
ments o f  units on a local scale mile by  mile.
Contrary to popular opinion the structure 
o f  an area cannot be divorced from  the stra­
tigraphy. The structure is what it is, at least 
in part, because o f  the stratigraphy. A nd the 
stratigraphy is not uncommonly affected or 
controlled by structure. There are relation­
ships. Much structural h istory can be read 
from  the beds themselves. Anyone w ho be­
comes preoccupied with one to the exclusion 
o f  the other will derive false notions about 
Appalachian geology. ‘
New, even radical, ideas need to be inter­
jected lest we accept inadequate pat answers 
to “ super-pat”  problem s. Perhaps some o f  our 
reasoning should be in terms o f  w hat can 
readily be dem onstrated and backed up by 
solid evidence, and another part phrased in 
terms o f  m ore intuitive reasoning. Some 
chance remark m ay even in a reckless, wild 
concept lead som eone to re-exam ine old data 
and find something new.
Som e o f  our concepts o f  Appalachian geol­
ogy are little m ore than a “ house o f  cards.”  
The specious reasoning that was necessary to 
conclude that all Appalachian deform ation oc­
curred in terminal Paleozoic tim e needs to be 
re-exam ined as suggested by  Spieker (1956). 
The enigm atic Dunkard beds, even though 
they m ay be Perm ian— although Pennsylva­
nian is more plausible— are simply the young­
est preserved beds in a great depositional 
basin (the Cum berland-Allegheny synclino-
UMR Journal, No. 1 (A pril 1968)
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riu m ). The basin in which the remnant Dunk­
ard succession is preserved is a depositional 
basin, not a syncline form ed by the stress 
systems that created, fo r  example, the Blue 
Ridge faults, or the Saltville thrust, or the 
Burkes Garden anticline of southwestern V ir ­
ginia ’ s folded  Appalachians. N or does it even 
mean that the rem arkable H urricane R idge 
syncline along the northwestern edge o f the 
folded Appalachians along N ew  River in V ir ­
ginia and W est V irg in ia  was form ed in the 
same squeeze or by the same spasms of tan­
gentially directed stress from  the southeast 
as deform ed the Austinville syncline on the 
faulted side of the folded Appalachians.
The concept of a terminal Appalachian o ro g ­
eny that form ed all the fold and fault struc­
tures of the Appalachian sedim entary belt at 
the same tim e is, I fear, largely a figment o f 
our im agination— holdover o f  the long ou t­
moded concept that fo ld in g and faulting occur 
only in a catastrophic orogeny. It is suggested 
that the reader analyze very carefu lly the best 
of the traditionally conceived accounts fo r  the 
chronology of Appalachian deform ation, as 
given in P . B, K in g ’s U.S. G eological Survey 
Professional Paper 311 (1960) and then stop 
to consider what would happen to these ideas 
if  K /A r  dates on basement involved in the 
Iron M ountain-H olston M ountain thrust ind i­
cated the last tectonic resetting o f  the argon 
clock occurred in Middle Ordovician time.
In the Crockett Cove area, W ythe and Bland 
Counties, V irg in ia , there is a very interesting 
and clearly defined beginning o f  the differen­
tial dow nw arping that gradually evolved into 
the Crockett Cove anticline and Queens K nob 
syncline w hich borders it on the southeast 
(W ebb and Cooper, 1963). N one o f the beds 
up to the top  of the K nox D olom ite shows any 
appreciable stratigraphic thickness variation 
in the area, but beginning w ith  the Champ­
lainian and continuing upward as fa r  as strati­
graphic m easurements can be made (Silurian 
System) th e  strata show thickness and litho­
logic variations that exhibit definite control 
by the Crockett Cove anticline Queens Knob 
syncline. The logical conclusion to draw is that 
in that area, fo ld in g  began as a consequence 
o f differentiaL downwarping in Champlainian 
time.
In the Austinville syncline and bordering 
anticline to the south, the differential down­
warp must have begun in Early Cambrian 
time. In the H urricane R idge syncline on the 
opposite side o f  the valley, the differential 
vertical movements leading to in itiation of 
that syncline o f  deposition must not have 
begun until Middle M ississippian time 
(Cooper, 1961, 1964; Thomas, 1966).
The structural control o f stratigraphic 
thicknesses and facies variations suggests that 
the m ajor folds owe their origin  and localiza­
tion to vertical movements of a differential 
nature that m ust have acted while strata were 
still accum ulating. These vertical movements 
surely must have involved the basement. The 
m ajor folds o f  the Appalachians, therefore, 
can be expected to be reflected by structural 
relief on the top o f  the basement. Continued 
subsidence can and eventually must result in 
attenuation o f beds and faulting by which the 
detached flap o f  strata rides up and out over 
the beds o f  the adjacent syncline. The struc­
tures actively form ed  by these vertical move­
ments are the synclines. D eform ation  in the 
folded Appalachians is prim arily by down­
fold ing rather than upfolding. The more sub­
sidence there is the m ore com pression is 
generated by that downward movement. The 
dominant force  in Appalachian deform ation 
is vertical, and tangenital com pressive stress 
is im portant but secondary to that movement. 
The folds and faults developed at different 
times, the oldest in the Cambrian, the young­
est in M ississippian and Pensylvanian time.
The Appalachian folded belt o f  V irginia, 
Tennessee, and G eorgia contains numerous ex­
amples o f  folded thrust sheets such as is in­
dicated by the H olston M ountain-Iron Moun-
Fig. 17. Cross section of Holston Mountain-Iron Mountain block,, showing pronounced syncline in the master 
fault under Shady Valley and inferred arch of fault over Mountain City window. Oj— Jonesville Limestone, 
Cc— Conococheague Limestone, Cel— Elbrook Formation, Cr— Rome Formation, Cs—Shady Dolomite, Ce— 
Erwin Quartzite, Ch— Hampton Formation, Cu—Unicoi Formation, and pCb— Precambrian basement rocks.
UMR Journal, N o. 1 (April 1968)
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Fig. 18. Locust Cove syncline in indigenous Mississippian formations 11 miles northeast of Saltville. The indi­
genous syncline was overridden by the Saltville block and portions of the latter down-folded into the trough as 
a result of vertical forces that continued to act after overthrusting. The main overthrust block of Cambrian dolo­
mites carried along with it a great horse of Mississippian-Devonian shale-siltstone-sandstone beds.
tain block (F ig . 17) w i^th its M ountain City 
w indow and synclinal salient, the Shady Val­
ley thrust block (F ig . 5) which fram es the 
w indow  on the northwest side. The Pulaski 
thrust block contains sim ilar great downfolds 
in the N ew R iver district, and in one o f these 
downfolds (the Blacksburg-Pulaski synclin­
orium ) the structural closure on the folded 
surface o f  fault displacement exceeds 5,000 
feet. In Locust Cove, Symth County, V irginia, 
the outer edge o f  the Saltville block, composed
o f Cambrian dolom ites and shales, is  down- 
folded into a peculiar syncline in the overrid­
den M ississippian form ations (F ig . 18). In 
G eorgia, Butts and Gildersleve (1948) de­
lineated two synclines that have infolded Cam­
brian rocks in the centers o f  deep synclines in 
indigenous Carboniferous and older strata. 
The Pulaski thrust block in the Blacksburg- 
Pulaski area contains seven windows, six o f  
which are bordered on the northwest side by 
relatively high-angle reverse faults that cut
UMR Journal, No. 1 (April 1968)
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not only the overthrust block but the beds 
overridden by the Pulaski block. In nearly 
every case, the general structure o f  the over­
thrust rocks and overridden strata is essen­
tially the same as that o f the thrust that sep­
arates them. Thrust blocks m otivated by tan­
gential “ p lunger”  action, as envisioned by 
Rodgers, or by  gravity-induced movement 
(Cooper, 1963) im ply several m echanical con­
ditions that are noteworthy. The surface  be­
tween the overrid ing block, regardless o f what 
has m otivated it, and the overridden block 
form s a d istinct stress discontinuity which 
is the fau lt surface  itself. Over-thrusting, 
therefore, im plies shallow m echanics, w ith the 
lower rocks im m utable. W here decollement- 
type overrid ing has occurred, the overriding 
rocks are disharm onically folded  and faulted 
as they override the block below  w hich is sup­
posed to rem ain immutable and uninvolved in 
the deform ation.
Folded thrust sheets, therefore, pose a me­
chanical problem , especially in those instances 
w here the overridden strata, the “ thrust”  
fau lt surface, and the overthrust strata are 
all folded in the same structure. In order fo r  
folded (and fau lted ) thrusts to be form ed, 
conventional interpretations would require 
that the tangential, relatively shallow, plunger 
action that impelled the thrust blocks to move 
and override had to be term inated. Subse­
quently a new set o f deeper acting tangentially 
directed forces  had to deform  both blocks with 
the old low -angle thrust fau lt surface no 
longer a significant locus o f  stress discon­
tinuity. Such a change in the stress field from  
shallow or “ thin-skinned” tecton ics to d iffer­
ent situations that deform ed both blocks is 
m echanically possible but unlikely.
I f  m ajor synclines are generated gradually 
by differential downwarps o f the floor o f  depo­
sition, that is, by  vertical forces , then con­
tinued subsidence o f a syncline o f  deposition 
could not only attenuate a lim b o f  the fold  
and ultim ately rupture it by stretching, but 
continued subsidence could make it m echanic­
ally easy fo r  the detached or  faulted beds to 
ride out over the sinking structure. The m ore 
the adjacent syncline sank the lower the angle 
at w hich the overrid ing beds ride out over the 
syncline. W hen overrid ing o f  older rocks out 
over the entire syncline has term inated depo­
sition, continued axial dow nw arping would 
develop great synclinal folds in the once very 
low-angle “ thrust”  surface like those enu­
merated. And i f  dow nw arping continued even 
longer, eventually a second attenuation o f  a 
lim b of the enlarging synclines expectably
could initiate the kinds o f  high-angle reverse 
faults that cut so m any o f  the windows in the 
Pulaski block, such as the w riter has described 
on D raper M ountain (Cooper, 1939) and in 
th e  P u lask i-R adford -C hristiansburg a r e a  
(Cooper, 1963). A ll these steps in structural 
evolution require but one fundam ental stress 
situation characterized by differential vertical 
movements.
The folds in the general section o f the A p ­
palachians discussed here seem to the w riter 
to be the result o f dom inantly vertical forces 
engendered by  differential crustal subsidence. 
Great horizontal displacem ents o f  thrust sheets 
by  plunger-action tangenital stresses pose seri­
ous m echanical difficulties. On the other hand, 
i f  a m ajor syncline is downwarped thousands 
o f  feet more than the area bordering it, there 
will inevitably com e a tim e when the superior 
portion  peels off along some shale or evaporite 
bed and moves by grav ity  down, outward, and 
over the depositional syncline (Cooper, 1963). 
G ravity sliding is m echanically feasible, be­
cause the fo rce  o f grav ity  vectored down the 
surface o f glid ing acts upon every part o f  the 
m oving mass. The m otivating fo rce  does not 
have to be transm itted m any miles through 
and across the overrid ing sheet.
I f  m obilization o f  the B lue R idge as a great 
rising welt began in Ordovician tim e as seem­
ingly demanded by polym ictic conglom erates 
such as occur at F incastle and Avens Ford, 
then there would be a ready explanation fo r  
the preferential northw est overturning o f  
folds and preferentia l developm ent o f south­
easterly dipping faults. I f  much o f  the Blue 
R idge was raised as a h igh  m assif in Ordo­
vician tim e and i f  it  rem ained relatively high 
during the rest o f the Paleozoic, a lateral force  
created by the tendency o f  mass to spread 
laterally would be directed northw estward 
against the beds accum ulating in the adjacent 
m iogeosyncline, and conceivably this mass 
effect could have been great enough to encour­
age overturning o f fo lds and rotational effects 
that would fa v o r  developm ent o f  preponder­
antly southeasterly d ipping faults.
A  TYP ICAL C R O S S  S E C T IO N  O F  THE 
FO LD ED  A P P A L A C H IA N S
E arly in 1965, G eotim es  (Badgley, F ischer, 
and Lyon, 1965) reproduced an illustration o f  
a new type o f  radar im age o f  a portion  o f  
southwestern V irg in ia  that was obtained from  
an A ir  Force a ircra ft  (F ig . 19 ). The “ photo­
graph”  in G eotim es  attracted m y attention 
because it was printed upside down. The cen­
ter o f  the rem arkable im age is Burkes Garden
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Fig. 19. Air Force radar image of large section of folded Appalachians (above 8,000 square miles). Great abundance 
o f structural detail shown. Clay tor Lake and New River on lower right, with Blue Ridge area of crystalline rocks 
near southeastern corner of picture. Note diagonal Russell Fork fault of Cumberland overthrust block in middle 
upper left section. At south end of this fault cleft in coal-bearing Pennsylvanian formations is Big A  Mountain 
composed of Clinch Sandstone. High southeasterly ridge with sinuous ridge crest is Walker mountain in Bland and 
Wythe Counties. Diamond-shaped mountainous area to south is Lick Mountains (indigenous Erwin high-silica 
orthoquartzites). To northeast is Draper Mountain, a breached window in the Pulaski overthrust block. To north 
and northwest is Crockett Cove area. Most of mountainous areas north of Walker Mountain are in synclinoria. 
(Reproduced from Geotimes, September, 1965)
(Cooper, 1944), a h igh  dome o f  Tuscarora 
Sandstone, w ithin w hich the valley form ations 
show m ore structure. The details revealed by 
this rem arkable radar im age are truly out­
standing. All the m ajor fo lds and faults can 
be discerned. Thin knob-m akers such as the 
H untersville Chert and N olichucky Shale are 
readily discernible. The “ photograph” spans 
the entire width o f the Appalachian belt from  
the Blue R idge to the Cum berland-Allegheny 
Plateau. The Russel F ork  fau lt that bounds the 
great Cumberland overthrust block on the 
northeast is clearly shown. The inlier o f  Knox 
D olom ite in Burkes Garden is precisely the 
ligh t colored elongate area on the southeast 
side. The im age reproduced here can be stud­
ied along w ith the Appalachian cross section 
shown in F igu re  4A, which is drawn much as 
Butts conceived the structure on the “ Geo­
log ic  M ap o f  the Appalachian Valley” , pub­
lished as V irg in ia  G eological Survey Bulletin 
42 in 1933. The faults are shown as indepen­
dent unrelated breaks. There are seven syn­
clines and six anticlines. The overall structure 
is a regional synclinorium .
F igure 4B shows the same structural cross 
section except that the faults are tied together 
as part o f  a great sole fau lt or decollement. 
Considerable liberties had to  be taken in pre­
paring this interpretation, because the Rome 
Form ation  o f  Low er Cam brian age is the only 
possible A bscherung zone. N early every one 
o f  these structures exerted a control on thick­
ness and character o f  the beds deposited. 
Starting w ith the Pocohontas syncline on the
northwest, the thickness o f  the Pocohontas 
coals and enclosing sandstones and conglom ­
eratic orthoquartzites o f  the lower Pottsville, 
Lee Form ation, is definitely greater in the 
trough  than farth er up on either flank. The 
Pocohontas syncline, youngest o f those shown, 
developed from  a portion  o f the foreland shelf 
that sloped down in M ississippian tim e into 
the H urricane R idge syncline. The hinge line 
between the two synclines is the faulted A bbs 
Valley anticline in w hich no structural control 
o f the stratigraphy o f  its M ississippian rocks 
is evident. The H urricane R idge syncline is a 
classic example o f  the structural control o f 
stratigraph ic thickness (Cooper, 1961, 1964; 
Thomas, 1966).
The next b ig  structure to the southeast is 
the East R iver M ountain synclinorium  char­
acterized by  a thickened section o f  the beds 
above the K nox D olom ite and particu larly in 
the S ilurian and Low er Devonian. The faulted 
anticlinal structure between Buckhorn R idge 
on the south flank o f  the E ast R iver M oun­
tain synclinorium  and R ich  M ountain shows 
abundant desiccation m arkings and shallow 
w ater ripple m arks in the low er K nox D olo­
m ite and a thinner O rdovician section on the 
south side o f  the anticline along the northw est 
base o f  R ich  M ountain. The tigh t syncline be­
tween R ich  and Garden M ountains, the W olf 
Creek syncline, has a th icker Silurian section 
in the axial portion  and also a th icker D evo­
nian section, especially the Low er Devonian. 
Burkes Garden (F ig . 20) contains the th in ­
nest developm ent o f  M iddle O rdovician beds
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Fig. 20. Cross section of folded Appalachians through Burkes Garden, as delineated by Butts (1933) on Cross 
Section F-F'. C, O, S, D, M, and P refer to Cambrian, Ordovician, Silurian, Devonian, Mississippian, and Pennsyl­
vanian. Ccr— Copper Ridge Dolomite, Cc—Conococheague Formation, Cel—Elbrook Formation, Cn—Noli­
chucky Shale, Chk— Honaker Dolomite, Cr—Rome Shale, Cs—Shady Dolomite, Ce—Erwin Quartzite, Ch— 
Hampton F"ormation, Cu—Unicoi Formation, Cbq— Chilhowee rocks undivided, and pCb—Precambrian base­
ment rock.
of any belt, and the overall thickness from  
the top o f  the Knox to the top o f the T us­
carora is about 40 percent thinner than in 
the adjacent W olf Creek syncline. The Knox 
beds exposed in the anticline in Burkes Garden 
is not known to contain any Mascot equiva­
lents, and the overlying B lackford Formation, 
always thickest in synclines, is represented 
only by about 10 feet o f  gray shale normally 
form ing the topmost beds o f the Blackford. 
From this succession, it would appear that the 
Mascot part of the upper Knox was stripped 
off this area during the late Canadian-early 
Champlainian eustatic drop in sea level that 
bared the anticlinal swell to erosion and karst 
development. The emergent condition of this 
high is further indicated by the fact that only 
the highest beds of the lower Champlainian 
Blackford Form ation occur. The Kimberling 
syncline ju s t  southeast o f  Burkes Garden con­
tain well over 5,000 feet o f  Devonian beds 
which is an abnormal thickness fo r  this part 
of V irg in ia  (Butts, 1940, p. 460 ). South o f 
the Saltville fault, the northwest flank o f a 
great syncline is well exposed in the gorge o f 
New River. The axial portion o f the Black- 
burg-Pulaski synclinorium shows an abnor­
mally thick succession o f  form ations from  the 
M artinsburg up to the Parrott Form ation 
(Cooper, 1964, p. 104). The Crockett Cove an­
ticline and Queens Knob syncline illustrate a 
remarkable structural control o f the stratig­
raphy from  the Knox up at least as far as the 
Silurian System.
Both the Crockett Cove anticline and the 
Draper M ountain anticline show axial th in­
ning o f  the form ations, especially o f  the S ilu­
rian sandstones.
The Pine Ridge syncline north o f W ythe­
viile contains unsorted polym ictic grits and 
sandy siltstones totally unlike the equivalent 
graptolitic shales and limestones exposed in 
Burkes Garden. The Pine R idge syncline also 
contains a fu ll Knox Dolomite section, includ­
ing the M ascot Dolomite.
The Lick Mountains, a short quadrilateral 
faulted anticlinorium , are composed of a very
different facies o f the Erwin Form ation than 
occurs anywhere to the southeast. The Erwin 
contains a clean, partly well-rounded sand and 
represents a shallower-water deposit than the 
sulfide-bearing Erw in of the belts to the south­
east.
The great Austinville syncline just north 
o f Ivanhoe and Austinville shows an abnormal 
section o f the Shady, which is 50 percent 
thicker than the Shady farther southeast and 
northwest. The Austinville anticline immedi­
ately to the south is studded with reefy beds 
including Archeocyathus. Thus, the m ajority 
o f  the folds in one way or another reflect 
definite relations between the stratigraphy and 
structure.
Judging from  the date o f inception o f  struc­
tural control on the thickness and facies de­
posited in different portions o f the folded belt, 
as revealed by the stratigraphic level where 
the beds begin to thicken in synclinal troughs 
and thin over structural highs, some Appa­
lachian folds such as those in the Austinville 
area must have begun to take form  in Cam­
brian time, whereas, those on the west side 
o f the folded belt did not begin to form  until 
M ississippian time.
Am ong the thrust faults, those on the north­
west side— Boissevain and Richland faults—  
did not form  until Pennsylvanian time because 
they cut beds o f that age. The Pulaski 
“ thrust”  block very probably moved out over 
the subsiding Blacksburg-Pulaski synclino­
rium in early Chesterian time. It would appear 
very likely that the Blue R idge or Iron Moun­
tain “ thrust”  was developed in Middle Or­
dovician time, as previously shown.
Hence, the folded belt developed gradually 
over a long period o f  time, and the m ajor 
structures developed not by  upward yield to 
a plunger-type thrust action foreshortening 
the beds but by  downward differential sub­
sidence. It cannot be denied that some defor­
mation was as late as Alleghenian, but there 
is nothing to indicate a Permian age fo r  any 
Appalachian fold.
The western side o f  the Appalachian struc-
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Fig. 21. St. Clair fault in Narrows of New River. Hanging wall rocks are Ordovician dolomites (Knox); shales 
beneath fault are Broadford-Parrott beds (overturned and upside-down). Probably best exposure of a major 
“ thrust” in the southern Appalachians. Between Narrows and Rich Creek, Giles County, Virginia. (Gathright)
Fig. 22. Overturned ledges of Mississippian Greenbrier Limestone along southwest wall of New River Gorge 
across from Rich Creek, Virginia. Ledge-makers are oolitic and micritic limestones separating impure beds that 
do not crop out so well. (Gathright)
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Fig. 23. Detail of contorted, faulted succession of Hinton Formation exposed along northeast side of Narrows of 
New River just downstream from Rich Creek; correlates with part of cross section shown in Figure 24. (Gathright)
tural fron t is nowhere more sharply defined 
than in the Narrows o f  New River, near Rich 
Creek and Glenlyn, Giles County, V irginia. 
There the beds northwest o f the great St. Clair 
fault (F ig . 21) are overturned near the over­
riding Canadian dolomities. A s exposed along 
the southwestern side o f  the river a short dis­
tance downstream, the ledge-makers o f the 
Greenbrier Group o f  limestones are only 
slightly overturned (F ig . 2 2 ). Just down­
stream from  Rich Creek Station on the north­
east side of N ew  River, there is a fine section 
o f  the H inton (late Chesterian) Form ation 
across an unbelievably sharp structural fron t 
(F igs. 23 and 24 ). The exposures are now 
along the east-bound fre igh t line o f the N or­
folk  and. W estern Railroad, but for  future 
reference it should be mentioned that the pres­
ent railroad will be replaced by new U.S. H igh­
way 460 within a short time. Some modifica­
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tion  o f these excellent exposures is th erefore  
inevitable. C ontinu ing northw estw ard up sec­
tion  in th is grea t cu t fr o m  the Stony Gap 
Sandstone M em ber, the com plex structures 
evident in the H inton  (p ost-E lv ira  M issis­
sipp ian ) are p erfe ctly  shown. But as one looks 
at the m ost com plicated  structures w ith  one 
glance, his peripheral v ision  catches s igh t o f 
the abrupt “ r ig h tin g  o f the beds”  som e 300 
fe e t  to the w est (d ow n g ra d e ; beyond w hich 
the general dips are all o f  a d ifferent form  
and pattern  across the broad H u rrican e syn­
cline and beyond in to  the A ppalachian  Coal 
Basin.
A t G lenlyn, the overturned m ud-cracked 
H inton  beds pass northw estw ard  into essen­
tia lly  fla t-ly in g  righ t-s id e-u p  beds w ith in  a 
d istance o f  only 100 fe e t ! A s  Thom as (1966) 
has show n, the H urricane R id ge  syncline is a 
grea t depositional syncline that began to de­
velop in M iddle M ississipp ian  tim e. T his syn­
cline included also E arly  Pennsylvanian  de­
posits. T h e  fo rm  and con tou r o f th is syncline 
w ith  its nearly 6,000 fee t  o f  closure is largely, 
i f  not w holly, the consequence o f th icken in g  o f 
M ississipp ian  and E a rly  P ennsylvanian  de­
posits. The d ifferen tia l vertica l m ovem ents 
necessary  to fo rm  th e  H urricane R id g e  syn­
cline o f  deposition  w est o f a line that passes 
th rou gh  the N arrow s, V irg in ia , Oakvale, W est 
V irg in ia , and Bluefield, V irg in ia -W est V ir ­
g in ia , m ust have totalled about 7,000 feet. 
T h is is very  close to the stra tigrap h ic  separa­
tion  o f the St. C lair “ th ru st”  in the N arrow s. 
Thus by  any reckon in g , the vertica l dim ension
subsidence resu ltin g  fr o m  a ctiv ity  o f  vertica l 
m ovem ent rather than horizontal d islocation , 
the exceed in gly  sharp line o f  dem arcation  b e ­
tw een the fo lded  A ppalach ian s and the gently  
flexed rocks o f the A llegh en y  synclinorium  is 
easier to understand. A s exem plified by  the 
H u rrican e R id ge  syncline, the g rea t active 
fo lds that took  fo rm  gradually  at variou s 
tim es du rin g  the P aleozo ic E ra  w ere synclines, 
and the prin cipa l d isp lacing  fo rces  at w ork  
d u rin g  th eir fo rm a tion  w ere chiefly vertica l. 
Lateral com pression , as previou sly  indicated, 
was locally  generated  b y  p ro fou n d  subsidence.
FAULT LINE P H E N O M E N A
A ppalach ian  thrusts are believed by  m ost 
geo log ists  to be clean-cut, sharp breaks b e ­
tw een overrid in g  and overridden  beds, such 
as occu r in the N arrow s o f  N ew  R iver n orth ­
w est o f  N arrow s, G iles C ounty, V irg in ia , 
(F ig . 2 1 ) . M ost o f  the fau lts  are sharp and 
nearly fre e  o f  b recc ia tion  o f  the h an gin g  wall 
rock.
C on trastin g  sharply  w ith  these clean cut 
thrusts is the g rea t Pulask i thrust w hich  e x ­
tends about 375 m iles a long the southern  A p ­
palachians. W herever th is fa u lt  occurs, p e ­
cu liar b reccias and crush  conglom erates are 
present (F ig s . 25 and 26) (C ooper, 1 94 6 ). 
The crush  conglom erate locally  contains la rge  
blocks (m ostly  o f  lim estone) m easuring up to  
50 fe e t  in w idth. A  classic exposure o f  the 
fau lt-gen erated  crush  con glom erate  is a long 
the ra ilroad  on the east side o f  N ew  R iver at 
Peppers F erry , M on tgom ery  County, V irg in ia
Fig. 24. Classic exposure of the pronounced structural front of the folded Appalachians exposed in the Narrows of 
New River just downstream from Rich Creek Station on the Norfolk and Western Railway. Some 90 rock units 
delineated in the cross section are described in the Grand Appalachian Excursion Guidebook (Cooper, 1961). 
Section was prepared by Mark Fara.
o f  y ie ld in g  is quite enough to have caused 
the St. C lair “ overth ru st”  block to  have rid ­
den “ up”  and out over a portion  o f  this M is- 
sissipp ian -P ennsylvan ian  syncline o f  deposi­
tion . I f  the fo rces  that im pelled the overrid in g  
b lock  to m ove w ere rooted  in  local differential
(F ig . 2 7 ) . In the general area w here th is 
ph otograph  was taken, there are countless “ in ­
tru s ion s”  o f  breccia  and crush  conglom erate in 
the overr id in g  block. In  the P eppers F e rry  
area, the breccia  zone m ay be as m uch as 
3,000 fe e t  thick. F ig u re  26 show s an exposure
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Fig. 25. Crush conglomerate facies of Max Meadows 
tectonic breccia zone occurring along Pulaski fault and 
as intrusions in the overthrust dolomites (Elbrook 
Formation) at Honaker Bluff between Vicker and 
Christianburg on the Norfolk and Western Railway.
o f  the crush conglom erate along the west 
bound lane o f U.S. H ighw ays 460 and 11 near 
the base o f  Christiansburg M ountain.
Both the Blue R idge and Laswell “ thrusts”  
o f W ythe and Pulaski Counties, V irg in ia , are 
likewise characterized by breccias and crush 
zones.
Geologists v is itin g  the southern Appalachi­
ans are surprised to see the profound brec­
ciation and clastation that has taken place. 
Its length, profuse occurrence, and range in 
thickness make it one of the great fault brec­
cia zones o f the world.
C O N C L U S IO N S
The structure o f the folded Appalachians 
across the area o f study exhibits more than a 
dozen m ajor fo lds nearly everyone o f  which in 
some positive w ay exhibits a stratigraph ic suc­
cession that indicates structural control o f 
deposition for  at least part o f  the tim e that the 
affected beds w ere being deposited. The m ajor 
“ thrust”  faults are considered to have been 
generated in response to deep basinal subsi­
dence northw est o f each o f  them. Vertical 
movements resulting from  strong, differential 
subsidence are believed to be the m ajor forces 
that produced the structures and bordering 
“ thrusts” .
Fig. 26. Max Meadows breccia containing large block (outlined by white line) of limestone surrounded by phyllite 
breccia (derived from maceration of Rome shales) and crush conglomerate. About 1.7 miles west of Shawsville 
on west bound lane of U.S. Highways 460 and 11. (Gathright)
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Fig. 27. Great mass of coarse pebble, crush conglomerate occurring as intrusive material in overthrust block of 
Pulaski fault at Peppers Ferry along Norfolk and Western Railroad and just north of bridge of Virginia Highway 
114 over tracks. Identified by Campbell (1925) as stream gravel and by Butts (1940) as cave-filling breccia. First 
identified as tectonic breccia by the writer (Cooper, 1939). (Gathright)
The Holston M ountain-Iron M ountain thrust 
block is the logical source o f  the Chilhowee 
clasts in the Middle Ordovician polym ictic con­
glom erates in the South Knobs syncline, be­
cause its transposed Chilhowee lithofacies, 
rather than the rooted, indigenous, Chilhowee 
lithofacies o f M ountain City w indow  belts, 
seem to have provided the ready source fo r  the 
quartzite, arkose, jasper, and other hard peb­
bles found in the Avens Ford conglom erates. 
It is im portant to try to  substantiate the pos­
tulated Middle Ordovician m otivation o f the
Iron M ountain-H olston M ountain block by 
radiom etric dating o f  its Precam brian slices 
by K /A r  determinations.
A cross the portion  o f the folded Appalachi­
ans reviewed in this study, there is strong 
evidence against the existence o f a region­
wide sole fault at depth under the folded  and 
faulted exposed rocks and above the basement. 
Folding o f great “ thrusts”  shows the control­
ling influence o f  vertical movements even after 
thrusting. Control o f  the stratigraphic succes­
sion b y  synclines o f  deposition alm ost cer­
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tainly means that basement had to be involved 
in the development o f these growing folds.
A well carried to basement, drilled on the 
Bane anticline, should provide many data 
needed to resolve the “ thin-skinned” versus 
“ thick-skinned” controversies over the nature 
o f Appalachian structure. The strong possi­
bility that such a well m ight not have to be 
drilled more than 2,000 to 3,000 feet in order 
to strike basement should lend encouragement 
to the eventual drilling of a test carried to 
basement below the Bane anticline. The fact 
that there is no Abscherung at the level o f  the 
Rome Shale in the Bane anticline raises a 
strong objection to the idea of a regional 
sole fault extending under the folded Appa­
lachian belt.
The sharp structural fron t revealed by the
St. Clair “ thrust”  and overturned limb of the 
Hurricane R idge syncline is the northwest­
ward end o f strong compressional movements, 
and the structures to the west in the Appa­
lachian coal-bearing plateaus are results o f  
differential subsidence o f the region that was 
especially prominent in late Paleozoic time.
The Appalachian folded belt developed grad­
ually during Paleozoic time as a geosyncli­
norium, and this basinal structure has not 
been altered into a regional anticlinorium by 
Appalachian deformation. A  terminal Paleo­
zoic orogeny in the Southern Appalachians is 
not supported by present data. The long-enter­
tained idea that all Appalachian folds and 
faults were form ed during the so-called Appa­
lachian Revolution is abundantly denied by the 
rocks themselves.
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ABSTRACT
Metasediments of Middle Precambrian, and possibly some of earlier age, form an arcuate trending 
belt across Missouri, Kansas, and Nebraska. These were intruded by granites of several ages that appear 
to be part of a continuous wave of Late Precambrfan igneous activity. Late Precambrian events that 
can be delineated include, besides the igneous activity and formation of iron deposits, development of a 
Keweenawan basin that extended from Lake Superior into eastern Kansas; igneous activity and meta­
morphism of Grenville age in the eastern Midcontinent; development of a major fault lineament extend­
ing northeastward from northeast Arkansas into the Canadian shield outcrop area and separating base­
ment rocks of two distinct ages; and a long period of uplift and erosion during which sediments were 
deposited in interior and fringing basins.
A belt of volcanic rock, partly preserved as an erosional remnant, extended from Ohio into New 
Mexico and formed a continental divide during Late Precambrian and Early and Middle Cambrian time. 
Higher peaks in this belt form the present St. Francois, Eminence, and Spavinaw outcrop areas. This area 
of high volcanic rock is termed the “Ancestral Ozarks.”
Paleozoic time was a transition from a positive to a negative to a stable area. It began with broad 
submergence followed by development of domes, arches, and basins. Continued development of lesser 
arches fragmented the Midcontinent into numerous small basins and highs. The final stage of activity, 
oscillation and accompanying cyclical sedimentation, was succeeded by stability.
Numerous cryptoexplosion structures are known in the Midcontinent. Some are associated with 
intrusive and extrusive igneous activity. Nearly all of them lie on a preexisting structural axis.
IN T R O D U C T IO N
The Midcontinent, which embraces the re­
gion from the Appalachians to the Rockies, is 
largely an area of subdued topography and 
flat-lying beds. In the field of structural ge­
ology, its history is summed up— and fre­
quently dismissed— as the stable interior.
The low-lying surface and flat beds conceal, 
however, a long and complex history in which 
only the major elements can be outlined. Age 
dating of basement rocks indicates that the 
foundations of the Midcontinent came into ex­
istence far back in Precambrian time. The 
older rocks were intruded and largely engulfed 
by later periods of igneous activity. For half a 
billion years, erosion and denudation reduced 
the face of the continent; the area became the 
stable platform (Fig. 1) upon which a veneer 
of Paleozoic sediments (thin over positive 
areas, thick in locally subsiding basins) was 
deposited.
Objectives and  Tools of 
Structural G eo logy
Structural geology seeks to decipher the 
character of the present geological situation, 
to define the events that led to development 
of that situation, and to integrate those events 
into a coherent tectonic history.
The character of the present conditions is 
well known and can be adequately portrayed 
on maps (Fig. 2).
The m ajor elements include the Appalachian
*ConsuItinK Geologist, Wheaton, Illinois.
Fig. 1. Central stable region and Canadian Shield.
plateau, the Cincinnati arch with its branches, 
the Ozark uplift, the Sioux and Nemaha up­
lifts, the Michigan, Illinois, and Forest City 
basins, and the several western basins and 
intervening arches. The development of these 
features is the story of the Paleozoic era.
Folds and faults, the obvious and often spec­
tacular features of structural geology, are the 
culmination of a long series of events, each 
related to and influenced by preceding events. 
The keys to deciphering these events are the 
sedimentary record and the dated ages of 
igneous and metamorphic episodes.
The sedimentary record reveals activity of 
both the source area and the depositional
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A .  M i c h i g a n 1. N ashville 7 . Nemaha
B . I l l i n o i s 2 . Lexington 8 . Ozark
C .  F o r e s t  C i t y 3,  Findlay 9 . Cambridge
D . S a l l n a 4.  Kankakee 10. Central Kansas
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G .  A r k a n s a s  
H . A p p a l a c h l a n F a u l t  t r e n d — —
Fig. 2. Major structural features of the Midcontinent.
basin. Coarseness and composition of clastic 
sediments reflect periods of uplift and the 
type of rock which provided the sediments. 
Carbonates indicate inactive land areas and 
stable conditions; the sediments are those 
generated within the depositional basins. For 
Paleozoic and younger formations, the sedi­
mentary record indicates times of subsidence 
and uplift, patterns of warping which gave 
rise to arches and basins, and nearly continu­
ous deposition in some areas and intermittent 
subsidence and erosion in others.
Deciphering Precambrian history is a far 
more complex task because only the remnants 
of formations are preserved or known from 
drillhole records, and a great deal of interpre­
tation must be based on limited data. In Mis­
souri, for instance, age determinations from 
only 15 localities are available (Muehlberger 
and others, 1966). These data suffice to draw 
only the broad outline of the history of an 
immensely long period of time. Age dating
methods are subject to errors in measurement 
and interpretation. They provide the only 
basis, however, for defining Precambrian oro­
genies and for relating subsurface areas to 
those orogenies.
An orogenic cycle begins with the develop­
ment of a geosyncline and deposition of sedi­
ments. After a long period of sedimentation, 
the cycle culminates in a period of folding, 
usually, although not always, accompanied by 
igneous intrusion. Age dating of metasedi­
ments deposited during the geosynclinal stage 
would reveal the time of metamorphism and 
intrusion, not the time of deposition. Because 
of limitations in age dating methods and the 
long span of time involved in a period of 
igneous activity, the age given for an orogeny 
may represent a time span of up to 200 mil­
lion yea,rs. Older rocks involved in a later met­
amorphic event would show the age of the 
younger event or, more likely, an age between 
the younger event and their true age.
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Of particular importance to understanding 
Precambrian history is the recognition that 
petrographically similar granites in the Mid­
continent may be considerably different in age 
(Muehlberger and others, 1966).
PR EC A M BR IA N
Classification and  Geochronolgy 
During the period from 1840 to 1900, a sub­
division of the Precambrian, based on rock 
types with age connotations for each, was de­
veloped. This classic “chronology”, with pe­
riodic refinement, was accepted and used by 
most geologists. Age dating of orogenies and 
geologic provinces in the past decade (Goldich 
and others, 1961; Engel, 1963; Stockwell, 
1964) has provided time points on the geologic 
calendar. The older terminology continues to 
be useful, however, in terms of type of sedi­
ment and depositional history (Table 1).
Table 1
Subdivision of the Precambrian
Table 2
Precambrian Geochronology
(adapted from Goldich and others, 1961; Stockwell and others,
1965)
Series Types of Rock
Upper Clastic
Keweenawan Middle Basic volcanic and intrusive
Lower Clastic
Upper Eugeosynclinal and volcanic
Huronian Middle Miogeosynclinal and shelf
Lower Miogeossoiclinal and shelf
Timiskaming Clastic
Keewatin Eugeosynclinal and basic 
volcanic
An important part of the Precambrian, the 
Grenville, is not included in the table. The age 
of this thick sequence of marbles, gneisses, 
schists, and amphibolites was long disputed. 
Highly metamorphosed, the sequence was re­
garded by some as older than the less meta­
morphosed Huronian; others considered it 
Huronian equivalent or jrounger. Discussions 
of its position in the Precambrian cover many 
paged of literature.
Age dating has revealed three facets of 
great importance for interpreting the history 
of the Midcontinent: 1) The Grenville orog­
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correlates with Keweenawan igneous activity. 
Much of the eastern part of the Midcontinent 
was involved in this orogeny (Lidiak and 
others, 1966). 2) Beginning in Late Precam­
brian time, but earlier than the Grenville 
orogeny, the Midcontinent experienced a wave 
of igneous activity that became progressively 
younger southward and culminated in the 
Llano (Grenville) orogeny in central Texas 
(Muehlberger and others, 1966). 3) Although 
most of the recorded dates from the western 
part of the Midcontinent fit an early Late 
Precambrian time of igneous activity, scat­
tered remnants of older rocks are present 
(Goldich and others, 1966b; Muehlberger and 
others, 1966). Age dating indicates that the 
St. Francois-Spavinaw-Nemaha type granites 
intruded a terrane of older granites which, in 
turn, had intruded and metamorphosed still 
older sedimentary rocks.
The presently accepted geochronology, based 
on detailed stratigraphy (James, 1958) and 
age dating (Goldich and others, 1961), pro­
vides a threefold division of the Precambrian 
(Table 2).
Early Precambrian
Goldich and others (1966) define a belt of 
Early Precambrian which extends from the 
Lake Superior outcrop area southwestward 
across North and South Dakota to the Black 
Hills and westward into Wyoming. This belt 
includes (in Minnesota) the oldest known 
rocks in North America; granite gneisses 
dated by Catanzaro (1963) as 3,550 m.y. old.
South and east of this belt, no clear-cut evi­
dence of an Early Precambrian terrane has 
been revealed. However, a few dated samples 
from Nebraska and eastern Kansas giving
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ages as old as 1,950 m.y. (Muehlberger and 
others, 1966) suggest that remnants of Early 
Precambrian, modified by later thermal events, 
still remain.
M idd le  Precambrian
Granites and gneisses of Middle Precam­
brian age are common in the Lake Superior 
outcrop area and in the subsurface across the 
northern part of the Midcontinent (Goldich 
and others, 1966b).
The oldest dated rocks in Missouri are from 
three St. Joseph Lead Company drill holes, 
one in Camden County, one in Audrain 
County, and one in Clark County. Basement 
rock in the Camden County drill core is a 
granite with an age of 1,520 m.y. (Muehl­
berger and others, 1966). In Clark County, 
the rock is a diorite with an age of 1,500 m.y. 
(Muehlberger and others, 1966). In neither 
case is the character of the intruded rock 
known.
The Audrain County occurrence is the most 
revealing in that a pegmatite dated at 1,460 
m.y. by Muehlberger and others (1966) cuts 
a steeply dipping Huronian type sequence con­
taining quartzite, slate, and schist. A large 
diorite stock, similar in character to the Clark 
County diorite, lies within a mile of the dated 
pegmatite and associated metasediments.
Three of the 15 dated Missouri samples are 
approximately 1,500 m.y. old. The igneous 
rocks could represent waning stages of the 
Penokean orogeny. More likely, the diorites 
are of early Late Precambrian age and are 
the first representatives of a wave of inter­
mediate to mafic intrusives that invaded Mis­
souri and adjacent areas.
The intruded metasediments are part of an 
arcuate metamorphic belt (Fig. 3) that crosses 
Missouri, Kansas, and Nebraska and continues 
to the north and west. From presently avail­
able evidence, the Missouri metasediments ap­
pear to have been folded and metamorphosed 
prior to the 1,500 m.y. old igneous activity. 
The metasediments, at least in part, are prob­
ably Middle Precambrian in age.
The metamorphic belt, interrupted and 
broken in numerous places by later intrusives 
and sediments, is the preserved remnant of 
what was once a vast depositional basin. The 
sediments appear to have been dominantly 
sandstones and shales; no limestones nor vol­
canic rocks have been observed.
Late Precambrian
By far the largest number of holes drilled 
to the basement in the Midcontinent encounter
Pig. 3. Metamorphic belt in part intruded by igneous 
rocks of early Late Precambrian age (after Grenia, 
I960; Merriam, 1963; Goldich and others, 1966; Muehl­
berger and others, 1966).
rocks dated as Late Precambrian. Sufficient 
information is available (geological, geophysi­
cal, and chronological) to broadly define spe­
cific provinces and events of this period. These 
include: 1) a long period of igneous activity 
in the central Midcontinent that embraces 
widespread extrusion of rhyolitic to andesitic 
volcanic rock, intruded granitic and mafic rock, 
and formation of the Precambrian iron de­
posits; 2) development of the Keweenawan 
basin with its thick sequence of sedimentary 
clastic and basic volcanic rocks; 3) the igne­
ous activity of the eastern Midcontinent that 
accompanied the Grenville orogeny; 4) Late 
Precambrian faulting and development of a 
major fault lineament that divides the central 
and eastern Midcontinent; and 5) a long pe­
riod of uplift and erosion during which sedi­
ments were deposited in interior and fringing 
basins.
Central igneous activity.— Large parts of the 
central Midcontinent are fioored by igneous 
rocks from 1,100 to 1,450 m.y. of age that be­
come progressively younger to the south. The 
igneous activity responsible appears to be un­
related to any orogenic cycle. Muehlberger and 
others (1966) define geographic areas of igne­
ous activity, including the Nemaha (1,350-
l , 450 m.y.), the St. Francois (1,200-1,350
m. y.), the Spavinaw (1,150-1,300 m.y.), and 
the Panhandle (1,100-1,200 m.y.).
Age determinations on samples from the 
St. Frqncois igneous outcrop area and nearby 
basement cut by drill holes show ages of 1,260, 
1,290, and 1,330 m.y. for rhyolites and 1,120, 
1,190, 1,210 (pegmatite in quarry wall), and
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1,220 m.y. for granites (Muehlberger and 
others, 1966), Two stages of volcanic activity 
and two stages of granitic intrusion have 
been recognized by field studies (Hayes, 1961; 
Snyder and Wagner, 1961). The granite in­
trudes the volcanic rock. The younger granite 
and rhyolite are regarded as products of the 
same magma; and this sequence of extrusion 
of volcanic rock and intrusion of granitic rock 
was essentially continuous (Snyder and Wag­
ner, 1961).
The extensive iron mineralization in Mis­
souri appears to be derived from this igneous 
activity. Samples taken from the Pea Ridge 
iron mine give an age of 1,290 m.y. for host 
rock rhyolite and 1,310 m.y. for an aplite 
dike that cuts the ore body (Snyder, 1966; 
Muehlberger and others, 1966). The measure­
ments, within the limit of error, are essen­
tially the same. The iron mineralization ap­
pears to be a unique phase of the igneous ac­
tivity.
Numerous intermediate to mafic intrusive 
rocks are known, both in outcrops and in the 
subsurface. The rock types range from diorite 
to gabbro, including norite. Body forms range 
from large stocks and bosses to thick layered 
sills and small dikes of diabase. The oldest 
dated rock is the 1,500 m.y. old Clark County 
diorite. The youngest is diabase that cuts all 
other igneous rocks as well as the iron ores. 
Probably several distinct stages of this phase 
of intrusive activity are present.
The S ioux Quartzite.— The Sioux Quartzite 
crops out in southeastern South Dakota, north­
western Iowa, and southwestern Minnesota 
and is present in the subsurface over much of
Liidiak, 1964; Ham and others, 1964; Woolard, 1966, 
Goldich and others, 1966).
southern South Dakota and part of northern 
Nebraska (Fig. 4). The formation consists 
largely of silicified sandstone but contains thin 
beds of shale.
The formation could be equivalent in age to 
the metasediments of central Missouri. How­
ever, Goldich and others (1961) place the time 
of folding of the Sioux Quartzite at 1,200 m.y., 
while the central Missouri metasediments ap­
pear to have been folded prior to the 1,500 
m.y. old igneous activity. Because of the dif­
ferences in the probable age of folding and in 
the character of the sediments, the two areas 
appear to be separate depositional basins, dis­
tinct in time and in sedimentary sequence.
The Kew eenaw an basin.— The Keweenawan 
basin, as defined by outcrop studies and sub­
surface projections based on geophysical data, 
is shown in Figure 4.
The lower Keweenawan Series is repre­
sented in the Lake Superior outcrop area by a 
thin clastic sequence.
The middle Keweenawan consists of up to
30,000 feet of basic lava fiows. White (1960) 
regards this series as one of the world’s great 
plateau basalt fiows. The fiows thicken toward 
the center of the basin. Closely related to the 
fiows is the intrusion of the Duluth gabbro. 
Goldich and others (1966) date the time of 
igneous activity as approximately 1,100 m.y.
Following the volcanic episode, the geosyn­
cline continued to subside. The upper Kewee­
nawan sequence consists of up to 20,000 feet 
of sandstone and shale.
The Midcontinent gravity high, which ex­
tends southwestward from the Lake Superior 
area across Minnesota, Iowa, and into Kansas, 
is the largest positive gravity anomaly in 
North America (Thiel, 1956). The narrow 
gravity high is fianked on both sides by grav­
ity lows. The high density belt consists of 
basic volcanic rock; the low density belts are 
interpreted as clastic sedimentary rock. Grav­
ity data across the Keweenawan outcrop area 
substantiate this interpretation (Thiel, 1956). 
A southeastward extension of gravity data in­
dicates that the Keweenawan basin continued 
across the present Michigan basin.
Igneous activity of the Keweenawan area 
was not an orogenic phase, although it was 
closely related in time to the Grenville orog­
eny. The Keweenawan igneous activity was 
dominated by the extrusion of basic lavas and 
intrusion of mafic rocks. The numerous mafic 
intrusive rocks of southern Missouri that are 
younger than the 1,200-1,300 m.y. old granites 
and rhyolites probably belong to this period.
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Fig. 5. Belt of preserved volcanic rocks (Ancestral 
Ozarks). Generalized after Ham and others, 1964; 
Muehlberger and others, 1966; Lidiak and others, 1966; 
unpublished drillhole data.
The Grenville  orogeny.— The Grenville Series, 
exposed in the Adirondacks and eastern Can­
ada, differs markedly from other North Amer­
ican Precambrian sequences. The thousands 
of feet of metasediments represent limestone 
interbedded with sandstone, shale, anhydrite, 
and even small amounts of hydrocarbon. The 
sediments indicate a time of shallow water 
geosynclinal conditions with reworking of sed­
iments and long periods of carbonate deposi­
tion. Time of deposition is unknown. Intense 
deformation accompanied by igneous intrusion 
is dated at 800 to 1,100 m.y. (Lidiak and 
others, 1966).
Age dating of basement rocks from the sub­
surface in the eastern Midcontinent shows 
that large areas were affected by this orogeny. 
On the Precambrian shield, the Grenville is 
in fault contact with older Precambrian and 
appears to have been thrust from the south­
east over the older basement. The fault can 
be traced southward and southwestward from 
the outcrop across Ohio, Kentucky, and Ten­
nessee by the age determinations of the base­
ment rocks.
Woolard (1958) suggested extension of the 
New Madrid fault zone northeastward into 
the St. Lawrence Valley and considered this 
one of the great fault lineaments of North 
America. The fault projected by Woolard from 
geophysical data apparently coincides with the 
boundary between two distinct ages of base­
ment rocks. The fault developed in Late Pre­
cambrian time. Continued activity along this 
zone is indicated by a belt of earthquake epi­
centers (Woolard. 1958).
Uplift a n d  denudation.— Following the central
igneous activity and the Grenville orogeny, 
Precambrian history of the Midcontinent was 
largely restricted to uplift and erosion. Over 
most of the area, deroofed granites, granite 
gneisses, and mafic intrusive rock form the 
Precambrian subcrop; the volcanic rocks and 
the sediments intruded were largely removed.
Intermittent remnants of volcanic rock, 
forming Precambrian outcrops and subcrops, 
are known to be present in western Ohio, 
southern Missouri, northeastern Oklahoma, 
and western Texas (Fig. 5). Gaps in the belt 
are due in part to lack of information. This 
belt is termed the “Ancestral Ozarks” . It ap­
pears to have been a continental divide in 
Late Precambrian time. Erosion on the south­
eastern side supplied sediments to the south­
ern Appalachian basin, that on the northwest­
ern side contributed sediments to the Kewee­
nawan basin.
Local peaks on the divide form the Pre­
cambrian highs of southeastern Missouri and 
northeastern Oklahoma. In some areas, over
2,000 feet of local relief is present (Snyder 
and Wagner, 1961). The northeast-trending 
belt of sharp high peaks is narrow. Away 
from the belt, particularly on the northwest 
side where extensive drilling provides sub­
surface control, a broad rolling to fiat surface 
with occasional subdued highs of a few hun­
dred feet relief is present. Except for the 
Ozark divide, the broad, fiat to gently rolling 
surface covered most of the Midcontinent at 
the beginning of Late Cambrian time.
P A LE O Z O IC
Upper Cambrian sandstones form the first 
unquestionable Paleozoic sedimentary rock 
over most of the Midcontinent. However, 
Early to Middle Cambrian igneous activity is 
recorded in Oklahoma (Ham and others, 
1964), (Fig. 5). The igneous episode includes 
extrusion of volcanic material followed by in­
trusion of the Wichita granite.
At the beginning of Late Cambrian time, 
the Midcontinent surface consisted of the nar­
row highland belt of volcanic rock fianked by 
broad, low, gently undulating plains which 
sloped toward the Keweenawan and Appa­
lachian basins. Except for the igneous peaks, 
most of the present relief on the basement 
surface was developed after the beginning of 
Late Cambrian time by differential subsidence 
and uplift.
Slow epeirogenic movements led to the for­
mation of basins and arches. Some of these 
features played an important role throughout 
the Paleozoic; others were short-lived and in-
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fluenced the sedimentary record only for a 
brief time. The major arches and basins began 
to develop in the latter part of Late Cambrian 
time and Early Ordovician time. The arches 
essentially were areas of less subsidence than 
the adjacent basins; they received sediments, 
but thinner blankets of sediment than were 
deposited in the basins. Only intermittently 
were the arches above sea level and subjected 
to erosion.
The transition from the Late Precambrian 
positive area undergoing erosion to the Paleo­
zoic negative slowly subsiding area receiving 
sediments to the present stable area was a 
major-tectonic change, the cause of which is 
not yet understood. The major elements in the 
transition which followed the broad uplift and 
deep erosion of Late Precambrian time in­
clude successively: 1) slow subsidence of the 
entirfe Midcontinent, 2) development of major 
arches and basins with intermittent subsidence 
and uplift, 3) fragmentation of the region 
through subdivision of the basins by short­
lived* Or minor arches, 4) oscillation leading to
cyclical deposition, and 5) final uplift and sta­
bility.
Another major element of the Paleozoic is 
the resurgence of carbonate deposition. Car­
bonate rock refiects warm shallow seas, an 
abundance of marine plant and animal life, 
and the absence— or only minor infiux— of 
clastic sediments. Apparently, these conditions' 
had not existed in the Midcontinent in over a 
billion years, not since Middle Huronian time.
Basins
The basins and arches which form the dom­
inant structural features of the region (Fig. 
2) developed gradually throughout the Paleo­
zoic. At the beginning of Late Cambrian time, 
broad submergence prevailed and a blanket of 
sediment covered all but the higher peaks. The 
Eastern Interior basin, comprising much of 
Michigan, Indiana, and Illinois, subsided more 
rapidly than adjacent areas. Aside from this 
basin, only the fringing Appalachian and Ard­
more basins received more than a thin veneer 
of lower Paleozoic sediments.
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Fig. 7. Upper Paleozoic structural features.
In the latter part of Late Cambrian and in 
Early Ordovician time, the major arches began 
to appear. Continued differential subsidence, 
with periodic uplift and erosion, developed a 
number of basins. The appearance of the Cin­
cinnati arch, the Ozark uplift, and the Wis­
consin dome led to a basin-arch relationship 
(Fig. 6). The Kankakee arch, active in Devo­
nian time, divided the Eastern Interior basin 
into the Michigan and Illinois-Indiana-Ken- 
tucky basins.
The western part of the Midcontinent con­
tains a number of arches and basins. A large 
basin in northern Kansas and adjacent states 
began to develop in Middle Ordovician time. 
Concurrent with its development was the rise 
of the Chautauqua arch that linked the Ozark 
uplift and the Central Kansas uplift. By Mis­
sissippian time, the Chautauqua arch was no 
longer active. The North Kansas basin was 
divided into the Forest City and Cherokee
basins by the appearance of the short-lived 
Bourbon arch in post-Mississippian— pre-Des- 
moinesian time. The Forest City basin became 
separated from the Salina basin through the 
development of the Nemaha uplift (Fig. 7).
West of the Central Kansas uplift lay the 
Dodge City basin with several embayments. 
This was separated from the Ardmore basin 
by the Las Animas arch. By Late Pennsyl­
vanian time, the Kansas and Oklahoma arches 
had become inactive, and again a large area 
was merged into a single unit called the Ana­
darko basin.
The basins show a wide range in time of 
activity and amount of subsidence. The Mich­
igan basin contains over 14,000 feet of sedi­
ment; the Illinois basin slightly less; the For­
est City basin about 4,000 feet; the Salina 
basin about 4,500 feet; and the Cherokee basin 
about 3,500 feet. The Hugoton embayment of 
the Anadarko basin has about 9,500 feet of
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sediment and is the deepest basin in Kansas 
(Merriam, 1963).
Arches a n d  Uplifts
Epeirogenic activity can be described more 
specifically by considering the development of 
individual arches. Their appearance subdivides 
basins and defines basin limits. During much 
of their history, they were submergent. Dur­
ing intermittent emergent periods, they were 
actively eroded while adjoining basins may 
have been receiving sediments.
The O za rk  uplift.— As indicated earlier, this 
was a high— an erosional remnant— during 
Late Precambrian time. The present uplift 
embraces a large part of southern Missouri, 
northern Arkansas, and northeastern Okla­
homa. It is refiected as a broad area of Cam­
brian, Ordovician, and Mississippian rocks 
which dip outward from a Precambrian core.
During Late Cambrian and Early Ordovic­
ian time, the area slowly subsided and sedi­
ments transgressively overlapped the higher 
peaks. Minor disconformities indicate brief 
interruptions in deposition, but the first major 
unconformity is that on the Jefferson City 
surface.
The Jefferson City— St. Peter unconformity 
signaled a reversal of tectonic activity; the 
Ozark uplift became a positive element. Sedi­
ments deposited in adjacent basins had thin or 
ho counterparts over the uplift. Uplift and 
widespread erosion occurred at the close of the 
Silurian; preserved remnants of Silurian for­
mations are known only from a few small 
areas in northeastern and south-central Mis­
souri (Snyder and Gerdemann, 1965). Silurian 
formations around the uplift are beveled. De­
vonian strata rest unconformably on Silurian 
and are, in turn, truncated by post-Devonian 
erosion.
Widespread submergence during the Mis­
sissippian Period again led to deposition of 
sediments over the uplift. Probably even the 
highest peaks were covered. Uplift and re­
moval of Mississippian sediments was followed 
by another period of submergence, and Penn­
sylvanian sediments were deposited on the Jef­
ferson’ City karst surface.
The W isconsin dome.— L^ike the Ozark uplift, 
the Wisconsin dome slowly subsided during 
the early Paleozoic and was covered with a 
veneer of sediment. Following deposition of 
.the Prairie du Chien (Beekmantown), the 
area was uplifted and eroded. Renewed deposi­
tion was again followed by erosion.
, A  Southeastward extension of the Wisconsin
dome joins it with the Kankakee arch which 
began to develop in pre-St. Peter time. Re­
newed activity of the Kankakee arch in De­
vonian time separated the Eastern Interior 
basin into the Michigan basin and the Illinois- 
Indiana-Kentucky basin.
The Cincinnati arch.— The Cincinnati arch, 
which can be subdivided into the Nashville 
and Lexington domes, extends northeastward 
as the Findlay arch and northwestward as the 
Kankakee arch. By Middle Ordovician time, 
the Nashville and Lexington domes exerted a 
strong infiuence on deposition; they probably 
became active in Early Ordovician time.
Distinct from but apparently related to the 
Cincinnati arch is the Waverly arch of eastern 
Kentucky. This became active very early in 
the Paleozoic and was a major feature during 
Cambrian and Early Ordovician time. By Mid­
dle Ordovician time, the Waverly arch became 
dormant (Woodward, 1961).
Wilson (1949, 1962) describes several pe­
riods of uplift of the Nashville dome. During 
Middle Ordovician time, it was a narrow belt 
of shallow water, called the Central Tennessee 
Bank, and was emergent for short periods. 
The arch was uplifted and truncated at the 
close of the Devonian. Chattanooga shale, 
overlain by Mississippian and Pennsylvanian 
formations, was deposited over the dome. 
The Lexington dome followed a similar his­
tory.
The Transcontinental arch.— The Transconti­
nental arch has been referred to as the “con­
tinental backbone” by Keith (1928). It is an 
impressive feature on paleogeologic maps of 
the middle Paleozoic (see Eardly, 1951). The 
arch extended from the Precambrian outcrop 
area of Lake Superior southward across South 
Dakota and Nebraska into New Mexico. Its 
present exposed counterpart is the Sioux up­
lift of southeastern South Dakota, northwest­
ern Iowa, and southwestern Minnesota.
The arch probably became active before the 
deposition of Paleozoic sediments. However, 
during early Paleozoic time, it was low and 
contributed little coarse clastic sediment to 
the basins to the east. It became a positive 
feature during middle Paleozoic, and parts of 
it were eroded. Pennsylvanian submergence 
again covered the arch with sediments.
A northwestward trending prong of the 
arch which extends from western Kansas into 
South Dakota is known as the Cambridge 
arch; a southeastward trending prong is the 
Ellis arch. The Ellis arch is the pre-Mississip- 
pian development of the Central Kansas up­
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lift with the latter term applying to the post- 
Mississippian-pre-Desmoinesian period of 
activity of this structure.
The Nem aha uplift.— The Nemaha uplift, which 
extends from Nebraska through eastern Kan­
sas and into Oklahoma, developed in Early 
Pennsylvanian time. Mississippian and older 
formations were sharply tilted by the uplift 
and were eroded to expose the Precambrian 
core. The truncated sediments and basement 
were covered by Pennsylvanian deposits.
Most of the arches active during the Paleo­
zoic developed as slowly moving, gentle, usu­
ally symmetrical features. The Nemaha uplift, 
in contrast, is a sharply defined, asymmetrical 
structure with a well-developed, high angle 
fault on the east side and a gently sloping 
west side. Eardley (1951) classes the struc­
ture as a range because of the difference in 
tectonic development.
Minor arches.— Numerous lesser uplifts that 
are classed as folds or anticlines are present 
throughout the Midcontinent. Probably the 
best known of these is the LaSalle anticline. 
This extends in a southeasterly direction 
across Illinois. It formed during Pennsylva­
nian time. The Lincoln arch and the Savanna- 
Sabula anticline and many others belong to 
this group. Like the LaSalle anticline, most 
of them developed in late Paleozoic.
Faulting
An east-west trending faulted area, which 
embraces the Palmer-Cottage Grove-Rough 
Creek-Shawneetown-Kentucky River fault 
zones, is one of the major features of the Mid­
continent. Amount of displacement and type 
of movement vary along the zone. Uplift along 
the Rough Creek segment is as much as 2,500 
feet in places (McFarlan, 1943).
McGuire and Howell (1963) associate the 
east-west system in Kentucky with a hinge 
line active since Early Cambrian. Intermittent 
igneous activity from Late Cambrian to Cre­
taceous time indicates that this was a zone 
of weakness throughout a long span of time 
(Snyder and Gerdemann, 1965). Although the 
zone appears to have been active periodically 
throughout the Paleozoic, the major displace­
ment was post-Pennsylvanian.
In addition to the east-west faulting, both 
northeast- and northwest-trending faults 
occur. The northwest-trending Ste. Genevieve 
fault zone is a high angle thrust fault. The 
northeast-trending New Madrid fault zone, 
cited earlier as a Precambrian lineament, re­
veals extensive post-Paleozoic activity along
the Illinois-Indiana boundary extending south- 
westward beneath the Tertiary sediments of 
the Mississippi River Embayment.
Frequent earthquakes, ranging in strength 
from minor.tremors to the severe New Madrid 
series, indicate that these faults are still ac­
tive. Heyl and others (1965) state that quakes 
in the vicinity of the St. Francois Mountains 
focus at depths of about 40 miles. They indi­
cate that deep-seated adjustments are still 
taking place in the Ozarks.
On the western side of the Ozarks, deforma­
tion is expressed as a series of parallel north­
east-trending faults, the largest of which is 
the Seneca fault which can be traced for over 
100 miles. Faulting occurred as repeated move­
ments during Pennsylvanian time and is prob­
ably related to the Ouachita orogeny.
Cryp loexp losion  Structures
The Midcontinent contains a large number 
of structures that have been interpreted both 
as of meteoritic and deep-seated volcanic or­
igin. Not all are of Paleozoic age, but all that 
are shown on Figure 8 occur in Paleozoic 
rocks. (A similar structure in Mississippi, 
not shown in Figure 8, occurs in Tertiary for­
mations) .
The structures show many similar features 
(Bucher, 1936). They have a circular form, 
a central uplifted area bounded by concentric 
faults and brecciated and displaced blocks. 
They range in size from one to ten miles in 
diameter. Many of them appear to be ran­
domly distributed. Some are associated with 
intrusive and extrusive basic igneous rocks; 
others are not, so far as known.
Snyder and Gerdemann (1965) defined an 
east-west line along which eight such struc­
tures occur. Five of the structures have asso­
ciated igneous rocks which have been dated by 
geological or geochemical methods as Late 
Cambrian (Furnace Creek and Hazel Green), 
Devonian (Avon), Permian (Hicks dome), 
and Paleocene (Rose dome area). The fea­
tures are aligned along the east-west fault 
zone described earlier. The occurrence of in­
termittent, deep-seated igneous activity along 
this zone supports the geological conclusion 
that the fault zone has been active since early 
Paleozoic time and that other cryptoexplosion 
structures on this line are the result of sub­
terranean forces.
The apparently random distribution of many 
of the structures cannot be related to known 
fault ^ones. However, comparison of Figure 
8 with Figures 2, 6, and 7 indicates that many 
are located on Paleozoic positive areas. The
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number that are not associated with preexist­
ing structural axes are few.
M E S O Z O IC
The Mesozoic history of the Midcontinent is 
largely one of continued erosion. Except for 
the western part and the Mississippi River 
Embayment, the area never again subsided 
enough to be inundated by seas. The degree of 
stability reached can be illustrated by com­
parison of Paleozoic with later activity. Dur­
ing the Paleozoic, the Michigan basin sub­
sided 14,000 feet more than adjoining areas; 
seas traversed the continent from Hudson Bay 
to the Gulf of Mexico during numerous sub­
mergences. The Cretaceous and Tertiary sedi­
ments in the Mississippi River Embayment 
reach only a few hundred feet above present 
sea level; the central Midcontinent did not 
subside enough to permit their deposition 
farther northward.
In the western part of the Midcontinent, the
basins and arches that were active during the 
Paleozoic became dormant. The. entire area 
as far east as Iowa and northwestern Mis­
souri subsided slowly and received only a thin 
blanket of .Cretaceous sediments before its 
final uplift.
Continued fault activity, particularly in the 
area of the Mississippi River Embayment, con­
tinued throughout the Mesozoic.
TERTIARY
From the beginning of the Tertiary to the 
present, the area, except for the westernmost 
part, has continued to be positive and has un­
dergone erosion. Minor vertical movements 
have led to the development of numerous ero­
sional levels, but no appreciable vertical move­
ment has occurred. Deep-seated adjustments 
within the craton, relieved along old faults, 
continue to take place, but the region has be­
come the stable interior (Fig. 9).
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Major Structures of the Rocky Mountains of Colorado and Utah
A . J. E ar d ley*
ABSTRACT
This paper describes the major structures of Colorado and Utah and presents a theory of origin 
based on new knowledge of the layering and constitution of the upper mantle and lower crust. It proposes 
that the Ancestral Rockies and the more modem ones of Cretaceous and early Tertiary age of both the 
shelf of Colorado and eastern Utah and the miogeosyncline of western Utah are the result of vertical 
uplifts of the silicic crust. The uplifts are caused by the rise, from the upper mantle, of basalt in scattered 
places to the base of the silicic crust. This rise domed the silicic crust and the overlying sedimentary 
veneer.
The surficial structures are viewed as gravity^caused mass movements along the flanks of the uplifts 
and in addition, particularly in the miogeosyncline of western Utah, as synclinoria of Paleozoic strata 
between uplifts where folding and considerable bedding plane thrusting occurs.
The theory also relates widespread magmatism to tectonism in a reasonable fashion. It recognizes 
that the Rocky Mountains have been a region of Cenozoic regional uplift in which possibly more energy 
was required than for the building qf individual uplifts. This, too, is related to a transformation of the 
uppermost mantle into a lighter density state. And finally, the Basin and Range faulting of western Utah 
is viewed as the result of the rise of sufficient basalt foom the mantle to form a continuous layer under 
the silicic crust of the miogeosyncline thus bringing into existence a new framework of forces. The surficial 
structures are framed about the primary uplifts, but the entire silicic crust becomes attenuated toward 
the Pacific as it is activated by a component of gravity on a mobilized lower crust.
INTRODUCTION
Shelf and M iogeosynclinal Divisions 
The shelf and miogeosyncline of the Rocky 
Mountains are separated along a line that ex­
tends from southwestern to northcentral Utah 
and southeastern Idaho (Fig. 1). West of the 
boundary, a thick but irregular Paleozoic and 
Triassic sequence of sediments was deposited 
in a region which later became emergent and 
an area of erosion. East of the boundary, 
spreading across eastern Utah and Colorado, 
Paleozoic sedimentary rocks are thin, and cer­
tain systems in places are lacking. The boun­
dary marks also a narrow Jurassic and Cre­
taceous. trough of subsidence in which about
15,000 feet of sediments were deposited. East 
of the trough, about 5,000 feet of Mesozoic 
sediments accumulated on the thin Paleozoic 
shelf rocks.
Ancestral Rockies
The shelf division was deformed in Pennsyl­
vanian time by several mountainous uplifts 
across Colorado and Utah and adjacent areas 
on the south that are known as the Ancestral 
Rockies. Those that concern the present article 
are the Colorado or Ancestral Front Range of 
central Colorado, the ancestral Uncompahgre 
Rangle of western Colorado and eastern Utah, 
and two somewhat positive areas in central and 
western Utah. The uplifts trended northerly
of Geology, ■University of Utah, Salt Lake City, Utah.
and northwesterly. The Uncompahgre Range 
was marked by a near vertical fault on the 
southwest side along which it rose, the adja­
cent Paradox basin sank, and the Colorado 
Range was marked by a steep flank on the east 
side. The Uncompahgre remained as an ero­
sional highland until Jurassic time, and the 
Colorado until Late Cretaceous time, before 
accumulating sediments on the shdf buried 
them. There seems little evidence of a post- 
Permian existence of the central and western 
Utah positive areas. At best they were plat­
forms or gently emergent areas between 
deeper water and thicker sediment areas.
Late Cretaceous and Early Tertiary 
Crustal Movements
The shelf division is noted for the growth of 
large ranges which were separated by inter- 
montane valleys during Late Cretaceous and 
very early Tertiary times, and although much 
denudation has occurred since, the ranges still 
are major relief features.
The miogeosyncline of western Utah is more 
complex structurally than the shelf, princi­
pally because the late Cenozoic Basin and 
Range block faults have been superimposed on 
Late Cretaceous and early Tertiary (Lara- 
mide) structures producing a multitude of 
smaller and younger ranges. The older struc­
tures are covered in places by volcanic rocks, 
and incident to block faulting, also by wide­
spread Quaternary alluvium. It is commonly
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Fig. 1. Late Cretaceous and early Tertiary uplifts of Colorado, Utah, and adjacent areas on north and south. 
Stippled areas are Precambrian rock exposures; ruled areas of the shelf (eastern Utah and Colorado) are exposures 
of Paleozoic rocks, and are marked by: IP, mostly Pennsylvanian; P, Pennsylvanian and Permian. Ruled areas 
of the miogeosyncline (western Utah) are Cambrian exposures. K, major detached slide masses; KC, the Canyon 
Range slide mass; OR, Oquirrh Range; CU, Cottonwood uplift, M, Mesozoic sedimentary rocks. NFL, New­
foundland anticline. SBY, Stansbury Mountains. Both fold axes and thrusts faults in the miogeosyncline are 
shown by bold lines.
considered that the miogeosyncline has yielded 
by folding and thrusting in a trenchant man­
ner, unlike the simple uplifts and basins of the 
shelf. The complexity of the miogeosyncline 
and its scattered exposures have delayed the 
analysis of the Laramide structures in a re­
gional way, but in late years some interesting 
but controversial theories have been proposed. 
One school of geologists views the miogeosyn­
cline as having been cut and displaced gen­
erally eastward by a number of thrust faults
of great lateral dimensions. A master thrust 
of decollement nature is viewed as having 
had its roots in eastern Nevada and as hav­
ing translated an imbricate sheet to central 
Utah, some 160 miles across. Several U.S. Ge­
ological Survey workers have stated such views 
(Roberts and others, 1965), and a similar 
thesis-by Misch (1960), followed by several 
doctoral studies under his direction, expresses 
about the same concept. Possibly some differ­
ences exist. On the contrary, the writer has
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been espousing for several years a theory of 
vertical uplifts for the Laramide structures, 
much the same as for the large uplifts of the 
shelf province, and he opposes the idea of the 
great decollement sheet across the western part 
of Utah. General agreement prevails on the 
Basin and Range faulting, and the Tertiary 
volcanics are becoming better understood.
M agm atism  Related to Crustal Deform ation
It is becoming increasingly apparent that 
magmatism is related to crustal deformation. 
As the nature of the deep-seated crustal layer­
ing and the mantle are studied, the energy for 
surficial deformation appears to be the heat 
that is generated in, and rises from, the man­
tle. No less, the primary magmas stem from 
the mantle.
Both the shelf and the miogeosyncline are 
profuse in igneous rocks. Numerous stocks, 
especially in the miogeosyncline of western 
Utah, have been mapped and now dated by iso­
tope methods. Large piles of volcanic materials 
occur in the shelf areas of Colorado, Utah, 
New Mexico, and Arizona, and western Utah 
is probably half blanketed by volcanic ejecta, 
largely in the form of ignimbrites. Significant 
intrusive activity started in Early Cretaceous 
time in easternmost Nevada and continued 
until the Miocene, thereby accompanying the 
principal crustal movements. It continued af­
terward. The extrusive activity in Colorado 
and Utah followed mostly after the major 
Laramide deformations and after a widespread 
erosion surface had been developed on the Lar­
amide structures. Some of the late intrusions 
penetrate the volcanic fiows.
In seeking the source and depth of the sili­
ceous magmas which supplied the stocks, lac­
coliths, and volcanic outpouring of Colorado 
and Utah, it has been concluded that rising 
basalt from the upper mantle mobilized the 
lower siliceous crust (Eardley, 1960, 1962). 
Of greatest significance is the recognition of 
an intermediate velocity layer between the 
crust and the mantle that coincides in distribu­
tion with the Colorado and Utah, Late Cre­
taceous and Cenozoic mountain systems (Berg, 
and ..others, 1960; Cook, 1962; Pakiser and 
Zietz, 1965). This is the most hopeful explana­
tion of the intrusive and extrusive rocks of the 
upper crust, but equally as well, of the cause 
and nature of upper crustal deformation.
Basin and  Range  Faulting
The block fault origin of the conspicuous 
ranges of the Great Basin is well known. The 
boiftiding normal faults of the ranges in west­
ern Utah have been fairly well defined, but in 
late years gravity surveys have defined others 
that are buried by the alluvium on the down- 
thrown blocks (Cook and Berg, 1961). Troughs 
as deep as 10,000 feet are now known, and this 
with the added relief of certain range fronts 
indicates that the vertical displacement in 
places has been as much as 15,000 feet. Be­
cause the Basin and Range faults are younger 
than the Laramide structures and in most 
places cut them discordantly, the two struc­
tural systems have been considered to have 
evolved under strikingly different frameworks 
of forces. However, because the intrusive rocks 
are tied to the extrusive rocks in composition 
and origin and these in turn to the Laramide 
structures on the one hand and to the Basin 
and Range faults on the other (as will be 
pointed out), we should seek to bridge the two 
structural systems. Little thought has been 
given to a genetic relation of the two. They 
simply have been left as two separate entities.
As suggested under the preceding heading 
that magmatism is related to tectonism and 
that the upper mantle and particularly the in­
termediate layer between the crust and the 
mantle provide a hopeful common answer, it 
may be possible to find the relationship to the 
Laramide and the Basin and Range systems by 
turning to the deep-seated source of heat.
Regional Epeirogenic Uplift
The Rocky Mountains as well as the Great 
Plains on the east suffered a broad epeirogenic 
uplift in Cenozoic time. Beginning approxi­
mately at the Missouri River at the west boun­
dary of the State of Missouri, the Great Plains 
were raised progressively westward until at 
the foot of the Front Range and Laramie 
Range the marine Cretaceous beds had reached 
a relief of at least 5,000 feet. The broad basins 
between the ranges of the Rockies may be 
taken as an index of the epeirogenic uplift in 
Wyoming and western Colorado which was
5,000 to 6,000 feet. The Colorado Plateau of 
eastern Utah was uplifted as a whole possibly 
more. The oval-shaped and irregular uplifts 
from which the major ranges of the shelf prov­
ince have been sculptured are taken to be local 
uplifts above the general level of the epeiro­
genic uplift. The miogeosyncline of western 
Utah had already been broadly uplifted epeiro- 
genically before and during the Laramide 
orogeny.
The mass of crustal material involved, and 
the energy required, exceeded that necessary 
for the building of the separate ranges. Any 
theory of tectonism and magmatism for the
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central Rockies must not fail to take into ac­
count the regional epeirogenic uplift. Again, 
the source of energy is the upper mantle. From 
this source, perhaps, we may find a common 
and plausible relation of the structures of the 
Laramide Rockies, the Basin and Range of 
western Utah, the attendant magmatism, and 
the broad epeirogenic uplift.
TH EO RY  O F  P R IM A R Y  UPLIFTS
It is proposed that the Laramide Rockies of 
the shelf region of the western United States 
are the product primarily of vertical uplifts, 
and that the folds and thrusts are secondary 
features on the flanks of these uplifts. The 
secondary features are considered to be the 
result of gravity gliding or mass movement 
down slope.
Well-known examples of the uplifts of the 
shelf province are the Little Belt and Big 
Snowy structures of Montana, the Wind River 
and Bighorn uplifts of Wyoming, the Front 
Range and Sawatch uplifts of Colorado, the 
San Rafael and Monument uplifts of Utah, and 
the Sandia and Sand Andreas uplifts of New 
Mexico. Later Tertiary faulting has modified 
these Laramide uplifts considerably in places, 
and sediments and volcanic outpourings have 
partly or largely covered some of them.
Although the general anticlinal or . domal 
form of the uplifts has been recognized for a 
long time, their origin has formerly been 
ascribed to horizontal crustal compression on 
a regional scale. Now, however, a number of 
writers propose that little, if any, horizontal 
compression on a regional scale occurred in 
the shelf Rockies, and that the so-called com­
pressional structures (namely the folds and 
thrusts) are secondary gravity effects of the 
primary vertical uplifts.
The theory of primary vertical uplifts has 
been proposed by Wisser (1957), Osterwald 
(1961), and Eardley (1963), and detailed 
structural studies supporting it have been pub­
lished by Foose (1960), Harms (1961), Wise 
(1963), Prucha and others (1965), Evans 
(19 66 / and others.
G E N E R A L  C H A R A C T ER IST IC S  
O F  THE SHELF P R O V IN C E
The major Laramide structures of the shelf 
province in Colorado and Utah are shown on 
Figure 1. They are oval or irregularly broad 
in shape and generally lack a narrow or sin­
uous aspect. They range in length from 50 to 
200 miles and in width from 10 to 30 miles. 
The structural relief ranges from 500 to
40,000 feet.
Some of the uplifts are conspicuously asym­
metrical; the beds on one flank are turned up 
to steep angles, or in addition, are overthrust 
as a sheet from within the uplift. If the 
thrusts and folds of the province are observed 
in relation to the broad uplifts, they will for 
the most part be recognized as flank struc­
tures.
The sedimentary rocks of Paleozoic, Trias­
sic, and Jurassic age constitute a fairly thin 
veneer which rests on the Precambrian crystal­
line complex in all places 'of the shelf province 
except in the region of the Uinta uplift of 
Utah and the Little Belt uplift of Montana. 
In these places, a thick Precambrian sequence 
of strata intervenes. The sequence of Creta­
ceous sedimentary rocks in most places is as 
thick as, or thicker than, the Jurassic, Trias­
sic, and Paleozoic strata together. Sediments 
of Late Cretaceous age accumulated in the 
basins between uplifts in the early stages of 
uplift. As uplift progressed, the Paleozoic 
strata, and in places even the Precambrian 
rocks, were faulted up against Cretaceous sedi­
mentary rocks, and further, as the early Terti­
ary elastics were unloaded in the basins from 
the rising uplifts, they, in turn, in places were 
offset and overridden.
In the region of the Ancestral Rockies, the 
setting for the Laramide uplifts was one in 
which the sedimentary veneer on the Precam­
brian crystallines was either very thin as the 
result of the previous uplift and cycle of ero­
sion or rather thick as the result of basin sedi­
mentation in Pennsylvanian time.
From inspection of the geologic maps of the 
shelf province, the conclusion is drawn that 
the uplifts, in which the rise was sufficient 
to result in exposure of the Precambrian rocks 
in a central core, have more intense flank struc­
tures and marginal thrusts.
C O L O R A D O  A N D  UTAH SHELF STRUCTURES
Figure 1 has been prepared to show the up­
lifts of the central part of the shelf province. 
We should note that the Sweetwater uplift is 
not evident today, because after it formed it 
sank and was mostly buried by middle and 
upper Tertiary sediments. The uplift as shown 
is restored to the time before collapse. Also, 
the Rocky Mountains through central Colorado 
may be interpreted as a group of closely packed 
uplifts with the Front Range being excep­
tionally long and wide. The Ancestral Colorado 
Range was an uplift almost as large as the en­
tire cluster of ranges in the central Colorado 
belt, but the later Laramide uplifts developed 
as independent units, not much controlled by
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Fig. 2. Cross sections of the Uinta and Wind River Mountains showing nature of the border faults.
the ancestral uplift. The flanks of the central 
Colorado ranges are replete with thrusts and 
apparently reflect the superior uplift of the 
Front Range.
The uplifts of the Colorado Plateau are com­
parable in area with the others of the shelf 
province, but they have not been of sufficient 
amplitude to have resulted in the exposure of 
Precambrian rocks in the cores. The wide­
spread rise of the Colorado Plateau in late 
Cenozoic time has resulted in the transporta­
tion of sediments from the local uplifts to re­
mote regions and not simply to the basins be­
tween them.
Again, it is evident that where the uplifts 
have been sufficiently high and the Precam­
brian basement extensively exposed that thrust 
faults occur on the flanks of such uplifts. The 
San Juan uplift may appear to be an exception, 
but it is largely covered by volcanic rocks, and 
its flanks are not exposed for examination.
NATURE O F  BO RDER  THRUSTS
The border thrusts of the Uinta Mountains 
are shown in the upper two sections of Figure 
2. The thrust interpretations along the north 
side are by Ritzma (1959) and on the south 
side by Childs (1950). The Uinta uplift is par­
ticularly instructive, because the nature of 
deformation of the core can be seen by the 
Precambrian strata that compose it. For most 
of the length of the Precambrian exposure, the 
.bedh are bent into a flat-topped anticline, as
shown by the dashed line in the second cross 
section.
The southwestern flank of the Wind River 
uplift has been traversed seismically by Berg 
and Wasson (1960), and they report a thrust 
that dips as low as 18 degrees and carries 
under the range about 8 miles. Their inter­
pretation is shown in the bottom section of 
Figure 2 which was sketched hurriedly by the 
writer from a slide projection. It may not be 
exactly right in all details. In both the Uinta 
and the Wind River uplifts, the thrusts are 
interpreted as convex upward and steepening 
downward. The amount of vertical uplift in 
the Uinta Mountains is in excess of 32,000 
feet and in the Wind River Mountains in ex­
cess of 35,000 feet.
A similar cross section of the Front Range 
of Colorado has been produced by Evans 
(1966) and is here shown as Figure 3.
Harms (1961) has studied the sandstone 
dikes of the eastern margin of the Front 
Range south of Denver and presents a con­
vincing case for gravity tectonics there. Large 
Laramide faults place Precambrian rocks in 
contact with sedimentary rocks as young as 
Tertiary in age. The stratigraphic displace­
ment in places is 15,000 feet and the structural 
relief 15,000 to 25,000 feet. He concludes that 
the stress distribution causing the injection of 
the sandstone dikes was governed by dip-slip 
movement along steeply westward-dipping, 
convex-upward, fault surfaces, and that, there-
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Fig. 3. Cross section at Denver showing Front Range uplift and Denver basin; after Evans (1966) which is after 
M.F. and C.M. Boos and Odiorne.
fore , the m a jor  structures outlin ing the flank 
o f  the range are high-angle reverse faults 
which steepen w ith depth. G ravity movement 
toward the basin is indicated.
Assum ing that the cross sections correctly 
illustrate the fau ltin g  fo r  the uplifts concerned 
and recognizing an oval shape in  plan view, 
then a corollary assumption is evident that the’ 
prim ary deform ing fo rce  is upward and that 
the overthrusting is literally a spilling o f  the 
sharply uplifted  flank over the adjacent plain. 
It could be a m atter o f  mass m ovement down 
slope, and when viewed grossly , a case o f 
flowage. O f course, intrinsically it would be a 
m atter o f  adjustm ent along jo in t planes, bed­
ding, and fo liation  surfaces, w ith  many small 
faults and m uch shattering. B erg  and W asson
(1960) report com plex fau lting in the Precam ­
brian core  o f  the W ind R iver Range. The 
w riter view s the above concept o f  fau lting  and 
adjustm ent b y  mass movem ent as the basic 
aspect o f  developm ent o f those uplifts which 
exceed about 20,000 feet in amplitude. The 
border fault, w hich at depth appears to be ver­
tical, w ould be a prim ary structure, but the 
upper part that flattens to a low-angle thrust 
would be secondary to the uplift. A  prim ary 
fau lt w ould then be considered as passing into 
a secondary fault.
In the course o f  secondary mass movement 
basinward, it seems possible that a sole thrust 
m ight develop and facilita te  the movement 
down slope. The idea is illustrated in F igure
4. The thrusts o f  the Bearpaw  u p lift illustrate 
the concept in the form  o f  a bedding-plane 
thrust or  g lide surface (F ig . 4 ) .  Closely re­
lated to bedding-plane thrusts are detached 
blocks, such as the H eart M ountain, which
have glided a num ber o f  miles basinw ard 
(P ierce , 1957, 1960). A ccord ing to Blackstone 
(personal com m unication ), there are several 
known examples o f  such glide blocks in W yo­
m ing in addition to  those along the w est side 
o f  the B ighorn  basin.
DEEP-SEATED  C A U S E  O F  UPLIFTS
The evidence seems convincing that the up­
lifts  o f  the shelf province are caused by ver­
tical pressures, and this, together w ith  the
Fig. 4. Types of secondary movement on the flanks of 
the uplifts.
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Pig. 5. Postulated origin of the uplifts by deep-seated basaltic intrusion. The early shape of the uplift is attained 
after about half of the basaltic pluton is intruded. The intermediate shape is attained after all the pluton is 
intruded. The final stage is attained by mass movements under the duress of gravity.
general broad oval shape o f  the uplifts, leads 
directly to the postulate o f  a large intrusion 
beneath each in the silicic crust. The concept 
is portrayed in F igure 5.
The intrusion is in  the shape o f  a giant 
laccolith or thickened sill and is believed to be 
o f  basaltic com position fo r  the follow ing rea­
sons. The shelf province o f the western United 
States is the alkalic and calc-alkalic igneous 
rock province, and all m ajor workers on the 
igneous rocks exposed at the surface from  
Montana to New M exico have concluded that 
these represent considerable assimilation o f  
crystalline rock rich in mica, orthoclase, and 
albite by  olivine basalt. Fractional crystalli­
zation o f  the assimilated magmas, filter press­
ing, and in places, m ixing o f fractionated 
magmas have resulted in the unusual suites o f  
high alkalic and calc-alkalic rocks found there. 
The assim ilation would have occurred along 
the roofs  o f the giant laccoliths.
Basalt is also the only magma considered 
available from  the underlying mantle. (F or  a 
review o f  the igneous province and the source 
o f  its magmas, see Eardley, 1960.)
The volume o f  basaltic magma involved in an 
intr,qsion responsible fo r  an uplift o f the size 
and amplitude o f  the W ind R iver Range would 
be about 10,000 cubic miles. This may be ap­
preciated by com parison w ith the volume esti­
mated fo r  the San Francisco volcanic field o f  
northern Arizona o f  80 cubic miles and the 
volume o f  the Columbia River basalt field o f  
about 40,000 cubic miles.
The postulated orig in  o f  the uplifts is a 
subject suited to model experimentation, and
from  such work the size and shape o f  the in­
trusion, the rate o f  intrusion, and the nature 
of the border faults m ay be better understood.
FRACTURE PATTERNS IN  THE SHELF
I f  the border structures o f  the uplifts o f the 
Rocky M ountains shelf province are due p ri­
m arily to vertical uplift and secondarily to 
adjustm ent o f  unstable density relationships 
brought about by the uplifts, then the fracture 
patterns o f  the m argins o f  the uplifts should 
be re-examined in this light. The restudy 
m ight be facilitated by  model experim entation. 
M ost fracture patterns mapped to date in this 
province have been analyzed in a frame^vork o f  
horizontal compression, tension, or coupling.
Regional alignments o f  various geologic fea ­
tures, called lineaments, have been emphasized 
by Blackstone (1951, 1956) and others in the 
shelf province. Geofractures, defined as re­
gional fracture zones that have had recurrent 
movement possibly from  Precam brian tim e to 
the present and that bound possibly great 
polygons o f  the earth’s crust, are visualized as 
tectonic features o f  the foreland by Oster­
wald (1961 ), but, as yet, these are o f  uncer­
tain existence, position, and significance. The 
lineaments or geofractures commonly singled 
out w ithin the shelf province are the Lake 
Basin fau lt zone and the N ye-Bow ler fault 
zone o f  Montana. These belts o f  fa ir ly  regu­
larly staggered faults undoubtedly represent 
strain and horizontal coupling on a regional 
scale in the crust below the sedim entary ve­
neer. Some other alignments o f  geologic fea ­
tures w ithin the province may mean the same,
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but as pointed out by Osterwald (1961) the 
evidence for the continuity of such features 
is definitely not clear, and more will need to 
be known about the Precambrian rocks before 
conclusions can be drawn. The postulated lin­
eaments or geofractures trend mostly in a 
northwestern direction, whereas, the orogenic 
belts of the Precambrian trend to the east- 
northeast (Gastil, 1960). Fracture zones of 
great horizontal and vertical movement may 
bound the shelf province in places, but these 
constitute a subject beyond the scope of the 
present paper. The writer, in summary, con­
cludes that the crust of the shelf province has 
been strained on a regional scale, but that 
horizontal dislocations have been moderate, 
perhaps amounting to 1 or 2 miles at the most. 
On the other hand, the vertical uplift of the 
numerous oval-shaped mountain masses in 
Laramide time has been the dominant tectonic 
activity. Really, more profound than the up­
lifts has been the rise of the High Great 
Plains, the shelf province including the Colo­
rado Plateau and the Great Basin of eastern 
California, Nevada, and western Utah, in 
amounts ranging from 1,000 to 8,000 feet. 
Such movements undoubtedly spring from 
polymorphic changes or partial melting of the 
upper mantle; the oval-shaped uplifts as here 
depicted are related to the associated deep- 
seated magmatism.
PR IM A R Y  UPLIFTS O F  THE M IO G E O S Y N C L IN E  
IN  W EST ER N  UTAH
Defining the  Cretaceous and  Early Tertiary Uplifts
Without the new Geologic Map of Utah 
(Stokes, 1961-64), the recognition of past 
tectonic elements would hardly have been pos­
sible. It is assumed that block faulting (the 
Basin and Range orogeny) and attendant al­
luviation on the downthrown blocks has oc­
curred as a last major phase of evolution of 
western Utah, and that the block faulting fol­
lowed an older phase of folding and thrusting. 
(For a general review of time and spatial re­
lations, see Eardley, 1962). It is also assumed 
that much of the volcanism was postfolding 
and thrusting. By a careful analysis of the 
map, the effects of the Basin and Range 
orogeny can be deleted, and the Tertiary vol­
canic materials can also be eliminated. Con­
tacts of Precambrian, Paleozoic, and Mesozoic 
rocks can then be projected across the blank 
areas. The bold features are shown in the 
western part of the map of Figure 1.
The major display on the interpreted map 
consists of uplifts with Precambrian cores 
surrounded by Paleozoic sedimentary rocks.
The Pennsylvanian and Permian strata are 
generally limited to narrow or restricted syn­
clinoria between the uplifts. The pattern is 
one of deeply eroded domal uplifts, and it 
seems evident"that this concept must dominate 
any structural analysis of the region. The up­
lifts are of about the same size as those of the 
shelf province to the east. It will be noted that 
a zone of uplifts is evident which extends from 
southeastern Idaho and northern Utah to 
southwestern Utah. This zone appears immedi­
ately as the source highland for much of the 
Cretaceous and early Tertiary elastics of the 
Wasatch Mountains and High Plateaus of 
Utah. The provenance of these sediments and 
the chronology of rise of the uplifts will be 
reviewed later.
The west-central and southwestern part of 
the zone of uplifts has already been recognized 
by Harris (1959) who called it the Sevier arch 
and related its history of uplift to the Cretace­
ous and early Tertiary sediments along the 
east flank. Costain (1960) found a major fault 
system in the Gilson Mountains of central 
Utah that has a vertical displacement of 16,000 
to 20,000 feet, and he recognized it as an east- 
flank boundary fault of the “Sevier arch”. 
The Canyon Range and Pavant Range thrust 
faults lie immediately to the south of the Gil­
son Mountains, and Costain and Christiansen
(1961) interpreted these thrust sheets as sec­
ondary to the primary vertical uplift along 
the steep eastern flank and as having moved 
from the interior of the uplift (west) to the east.
Relation o f Folds and  Thrusts to Uplifts
The thrusts with some exceptions are flank­
ing features of the uplifts, especially of up­
lifts where Precambrian and Cambrian rocks 
have been exposed. Conspicuous folds and some 
thrusts are characteristic of the Pennsylva­
nian and Permian strata in down-folded syn­
clinoria between the uplifts. These observa­
tions lead forthwith to the conclusion that the 
thrusts and folds are secondary to the pri­
mary uplifts and that they are gravity slide 
masses on the flanks of, or squeeze struc­
tures, between the uplifts. A  few of the local 
structural settings in the region will be dis­
cussed next in light of this framework and 
concept. Several others that are not yet well 
in hand and which require further analysis 
will be left for a more detailed treatment in 
a later paper.
INTERPRETAT ION  O F  SPEC IF IC  STRUCTURES 
Central W a sa tch  Folds
The folds and thrusts between the Cotton-
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Fig. 6. Cross section in the Wasatch Mountains from the Cottonwood uplift to the Northern Utah uplift.
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Fig. 7. Generalized structure of the Lakeside Mountains, after Doelling, 1964.
wood uplift and the Northern Utah uplift are 
clearly examples of minor compressional struc­
tures in the upper part of a thick stratified 
sequence which has been deformed in a large 
syncline (Fig. 6). The syncline is the result 
of the adjacent uplifts, and the surficial layers 
are caught in a squeeze between the uplifts.
Structures in the Lakeside M ounta ins 
Structures in the Lakeside Mountains in­
volve a very thick Pennsylvanian and Per­
mian section. They have been interpreted by 
Doelling (1964) as formed most logically be­
tween two uplifts, the Northern Utah on the 
east and the Newfoundland on the west (Fig. 
7).
Structures in the Confusion  R ange
The Pennsylvanian and Permian strata of 
the Confusion Range lie in a narrow syn­
clinorium between the Snake and Sevier up­
lifts. The shallow cross sections of Christian­
sen (1951) and Hose (1963, 1964) were inter­
preted at depth and extended laterally to ar­
rive at Figure 8 which appears to show the 
squeezing of beds near the surface without 
similar deep-seated deformation. The cause is 
concluded to be the rise of the two adjacent 
uplifts.
O quirrh  M ounta in s Structures 
The Oquirrh Range (O.R. on Figure 1) is 
situated between the Northern Utah uplift.
Fig. 8. Structure of the Confusion Range. Surficial structure taken from Christiansen (1951), and Hose and others 
(1963, 1964). Deep structure interpretive between the Snake and Sheeprock uplifts. Intrusions and block-faulting 
that have complicated the uplifts, not shown.
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the Sevier uplift, the Stansbury Mountains 
(SBY on Figure 1) and the Cottonwood dome 
(CU on Figure 1). The large folds of the very 
thick Pennsylvanian and Permian beds of the 
central and southern Oquirrh Range appear to 
be chiefly due to a squeeze between the north­
ern part of the Sevier, Cottonwood, and North­
ern Utah uplifts. The thrust, sharp folds, and 
nearly vertical beds at the north end of the 
Oquirrh Range conform to the flank of the 
Northern Utah uplift.
Two structures should be noted here which 
complicate the picture, namely, the Cotton­
wood uplift and the Stansbury anticline. The 
Cottonwood uplift of much smaller size than 
adjacent uplifts could be of later age. Where­
as, the Northern Utah and Sevier uplifts are 
of Cretaceous age and the Uinta chiefly of 
early Tertiary, the uplift of the Cottonwood 
dome could, have been increased in mid-Terti­
ary time by the forceful injection of the Little 
Cottonwood stock. The Stansbury anticline de­
veloped as a sharp fold of Late Devonian age 
and then was accentuated in Cretaceous time 
(Arnold, 1956; Rigby, 1958). Thus it’s ap­
parent incompatability to the folds and thrusts 
of the Oquirrh and to the Northern Utah up­
lift is partly understandable.
C an yon  Range  K lippe
The eastern flank of the Sevier uplift is 
marked by a number of thrusts which are here 
interpreted to define five rather large detached 
slide masses from the west— see black areas on 
Figure 1. Their definition must be accompa­
nied by detailed maps which will be left for
another paper, but as an example, the Canyon 
Range “Klippe” will be briefly described. It 
has been clearly delineated on east and west 
sides and northern end by Christiansen 
(1952), and is the northern one of two klip­
pen on the central east flank of the Sevier 
uplift (KC on Figure 1).
Figure 9 shows three steps by which the 
downfolded detached mass of the Canyon 
Range is presumed to have formed. The major 
uplift of the Sevier arch first occurred, then 
extensive erosion exposed considerable Pre­
cambrian rock, then the detachment and grav­
ity sliding occurred, and finally the Basin and 
Range faulting took place.
Southern W asa tch  Thrust Com plex
The Charleston thrust zone (Baker, 1964a 
and b; Baker and Crittenden, 1961), the 
Strawberry thrust (Bissell, 1952), and Nebo 
thrust have been related by several authors 
and conceived as parts of a single sheet that 
has moved eastward. That the three thrusts 
are part of a single sheet of appreciable move­
ment seems likely when the Upper Cretaceous 
beds of the foredeep are represented by thick­
ness contours— see Figures 11 and 22-4 in 
Eardley (1962). The arcuate front of the large 
sheet appears to have ridden out over the 
Cretaceous a few miles.
The arcuate, thrust front faces a basin 
which subsided about 15,000 feet in Late 
Cretaceous time and 5,000 to 10,000 feet in 
Late Jurassic time, and thus the sheet could 
represent gravity movement toward the deep­
ening trough (Figs. 10 and 11). The klippen
S E V IE R  U P L IF T
Fig. 9. Suggested origin of Canyon Range structure by gravity induced sliding on east flank of Sevier uplift. A, 
major uplift, early gravity sliding, erosion, and deposition of Middle Cretaceous elastics; B, sliding of detached 
mass; C, continued down-flank movement and folding of detached slide mass. Also Basin and Range faulting. 
Canyon Range structure from Christiansen (1952).
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Fig. 10. Isopach map of deposits from the western up­
lifts in Colorado time (Cenomanian, Turonian, and 
lower Senonian). Contour interval 1,000 fjeet.
immediately east of Provo, collectively called 
the Big Baldy thrust by Baker (1964a and b), 
appear to be detached masses that slid mostly 
along bedding planes.
The concept that the Charleston-Straw- 
berry-Nebo thrust sheet is but a part of a 
much larger one, both in north-south and east- 
west dimensions is supported by Crittenden 
(1961, 1964) and by Roberts and others 
(1965). This postulate is opposed to the con­
cept of gravity slipping induced by trough 
subsidence. The stratigraphic displacement of 
Cambrian over Jurassic at one place on the 
Charleston thrust, and the Sulphur Springs 
window 2 to 4 miles back of the frontal trace, 
no doubt impress them that major horizontal 
translation has occurred. The Nebo thrust as 
part of the frontal trace of the postulated 
broad sheet is extended westward to the Leam­
ington Canyon fault which is interpreted as 
a shear by Crittenden (1961). By means of 
this shear, the sheet was translated east-north­
eastward. The connection route, however, is 
maticed by insignificant stratigraphic offset
and no clear evidence of a fault. The Leaming­
ton Canyon fault is iii part at least the north­
ern thrust limit of the Canyon Range klippe 
and thus not easily construed as a tear fault 
with considerable strike-slip movement. Also, 
the Nebo thrust and associated overturning is 
toward the southeast which is not in align­
ment with the postulated east-northeastward 
translation.
The Charleston-Strawberry-Nebo thrust is 
considered by the writer to be a flank structure 
of the Sevier uplift caused by gravity-induced 
mass movement toward the sinking Cretaceous 
and Jurassic basin.
Fold and  Thrust Belt o f Southeastern Idaho
In a recent paper, the author (Eardley, 
1967) examines the fold and thrust belt of 
southeastern Idaho and western Wyoming and 
recognizes that the structures are clustered 
together in several complexes. The thrusts of 
one complex are probably not continuous with 
those of an adjacent complex but circumscribe
Fig. 11. Isopach map of deposits foom the western up­
lifts in Montana time (Upper Senonian, Maestrichtian, 
and Danian). Southwestern Utah compiled by J. C. 
Lawrence. Contom: interval 1,000 feet.
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discrete gravity slide masses generally piled 
on top of each other in imbricate fashion. The 
slides of each complex occurred within a rel­
atively short time, but the complexes evolved 
successively spatially from west to east and in 
time from Early Jurassic to early Tertiary. 
The postulated model is as follows:
(1) An uplift and forerunning basin mi­
grated from west to east during the Mesozoic 
and early Cenozoic eras.
(2) The crest of the advancing uplift was 
fully 10,000 feet above the seas of the fore­
deep basin and 20 to 30 miles distant. In the 
course of time, the site of original central­
ized uplift, about 100 miles to the west, was 
denuded to the Precambrian.
(3) The thick sediments of the foredeep 
basin were progressively uplifted, tilted, and 
eroded on the advancing front of the uplift. 
This created a system of aquifers and aqui- 
cludes in which abnormal fluid pressures were 
developed in the aquicludes (clays).
(4) In the course of time as the foredeep 
basin grew deeper, the down-slope component 
of gravity and reduced friction incident to ab­
normal fluid pressures conspired to release 
various large glide masses.
(5) Further advance of the uplift and fore­
deep basin resulted in the release of a second 
set of major glide masses, this time involving 
part of the previous slide masses and the sedi­
ments of the previous foredeep. The coarse 
marginal facies of the new foredeep basin 
were overrun by the leading toe of the thrust 
sheet.
The model illustrating these conditions 
leads to the following inferences:
(1) The slide masses may be 30 miles wide 
and 75 miles long, but current extension of 
certain individual thrusts over much longer 
distances is questioned. The thrust sheets are 
in many respects like giant landslides.
(2) The break-away upper limits need not 
be marked by tensional graben-producing 
faults.
(3) The glide surfaces may be 30 miles 
wide, but probably not wider. The amount of 
horizontal translation is less, probably not 
more than 10 miles. The postulation of thrust 
fronts that have traveled scores of miles is 
questioned.
(4) The glide masses are shallow, not much 
more than two miles in thickness, and as such 
the strata have been badly broken, especially 
near the leading edge, but little metamor­
phosed.
(5) The Basin and Range type normal faults 
(bounding graben, horst, and tilted block) at
the northern end in the Hoback Range and 
Jackson Hole are strikingly discordant, as they 
are farther south in Utah. Of course, verti­
cally they are discordant everywhere,
TH EO RY O F  DECO LLEM EN T  TH RU ST IN G
A widely divergent theory of the structure 
of western Utah, than here pictured, has been 
proposed. Accordingly, the outcrop pattern is 
interpreted as the result of a vast allochthon­
ous mass whose sole extends from eastern 
Nevada to central Utah. In the past few years 
Misch (1960), Crittenden (1961; 1964), Rob­
erts and others (1965), and Miller (1966) 
have espoused the concept of a thrust sheet 
not only 160 to 170 miles wide but more than 
200 miles long. It has been folded, faulted, 
eroded through in places, left as remnants in 
others, and mostly covered by Tertiary vol­
canic outpourings and Tertiary and Quater­
nary elastics. In eastern Nevada and western­
most Utah particularly, a number of bedding 
plane thrusts have been recognized, and these 
have been carried from one range to another. 
The careful study of facies of the Pennsyl­
vanian and Permian sequences also has in­
duced these writers to conclude that major, 
large-scale translations have taken place. The 
reader should study the article by Roberts and 
others (1965) particularly in order to appre­
ciate the interpretations made. Also, Dr. Rob­
erts is contributing to this symposium, and 
the sharply divergent interpretations which 
exist between a group of U.S. Geological Sur­
vey geologists and the writer will be more 
than apparent by comparing the side-by-side 
articles. Some brief criticisms to the 1965 
article were expressed in a letter to Dr. Crit­
tenden, one of the coauthor’s, as follows:
1. The facies changes in both Oquirrh basin 
and Phosphoria basin beds are not sufficiently 
varied and distinctive to convince me of the 
propriety o f the concealed thrusts west of the 
Wasatch that you visualize. The ribbon dia­
grams of Fig. 18 show, it seems to me, that you 
are stretching to see the need o f the “ Tintic 
Valley” , “ Skull Valley” , and extensions of the 
Midas and Ochre Mountain thrusts. You could 
have constructed the ribbons logically without 
the thrusts. The thinner Missouri and Virgil 
section in the Stansbury Mountains and its ab­
sence in the North Oquirrh Mountains are sug­
gestive o f the influence o f  the northern Utah 
uplift in Late Pennsylvanian time, rather than 
translation o f  western facies over eastern. The 
treatment o f  the “ Newfoundland” thrust is 
somewhat confusing; I imagine that this is in 
part the “ Silver Island”  tear fault, which is 
very hypothetical. I realize that the Midas 
fault is made up o f  two exposures, one in the
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Oquirrh Mountains and one in the Timpanogos 
Wasatch, but in neither place is much o f  a 
facies or thickness break evident between the 
sequences on either side. In fact, I think most 
any objective geologist would see in these rib­
bon diagrams vertical uplifts within the Penn­
sylvanian Period as the dominating control, 
rather than major horizontal translations.
2. Referring to Pig. 19, I am struck by the 
evident gradual change in character o f the 
beds of Park City age from west to east across 
northwestern Utah. W hy you need major thrust 
faults to break up and translate parts o f this 
sequence is a mystery to me. You speak of the 
facies difference between the Hogup section and 
the Jim Thomas Canyon section. These are 60 
miles apart and a thickness difference of 1,500 
feet in this distance is hardly the evidence 
you want for a major thrust.
3. I am concerned also about the interpreta­
tion you give to the thrusts in the Wasatch 
Mountains. No one can doubt the thrusting 
approximately eastward of some 26,000 feet 
o f  Pennsylvanian and Permian strata o f the 
Oquirrh basin over 2,500— 1,400 feet of equiv­
alent shelf strata. The problem here is the 
depth and extent westward of the Nebo- 
Charleston thrust. And as far as I can see now, 
the interpretation one gives to it depends on 
the theory he holds, that is; major decollement- 
type thrust sheets or gravity-caused mass 
movement.
Going to the Willard-Bannock thrust relation, 
you attempt to demonstrate the transposition 
o f  thick Precambrian, Cambrian, and upper 
Paleozoic sections from  the west over thin 
sections on the east, and thereby justify the 
connection of the Willard with the Bannock. 
Built on this presumption you connect the 
Willard with the Charleston. I would say (A ) 
that your Pig. 16 speaks clearly for little 
need o f west to east translation as far as the 
Pennsylvanian strata are concerned, and (B) 
regarding the Cambrian and other Paleozoic 
and Mesozoic strata I refer to Armstrong and 
Oriel (1964) who do not believe that a large- 
scale thrust sheet is indicated.
In my opinion, then, the interpretation you 
make o f  the Willard-Bannock thrust looks 
weak, i f  not imposible, and this in turn weak­
ens materially your interpretation of the as­
sociated Nebo-Charleston thrust as you extend 
it downward and westward.
,4. Cambrian strata are very thick and 
varied, and according to Dr. Richard Robison 
who refers to Palmer’s work, translation of 
facies is not necessary or indicated.
5. A  last criticism deals with the cross sec- 
tjon of Fig. 20. I have tried to tie it to the NW 
quarter o f  the Geologic Map o f  Utah, and 
have real difficulty in crossing the Sheeprock 
Mountains. I know you have had to generalize 
in making the section, but still I can’t come up 
T^th the surficial distribution that you show.
I have looked this area over fairly carefully 
because it is the core of my postulated Sevier 
uplift, and have been curious to see what you 
make of it.
Mechanically, I think the section and the 
theory it presents is impossible. You have a 
thrust sheet 160-170 miles wide (west to east) 
and I judge originally 3-10 miles thick. I f  
moved by a horizontal force from the rear 
(the traditional concept involving crustal com­
pression) the strength o f  such a thin sheet 
may not have been sufficient to allow the 
forces to push the broad sheet ahead, Rubey 
and Hubbard notwithstanding. A more sig­
nificant point concerns the shear that must be 
created to get the broad sheet in motion. You 
shear the entire Paleozoic section in places. 
The same criticism is leveled here as against 
Mansfield’s Bannock Thrust interpretation— it 
is simply an impossibility from any analysis 
of stress and strain relations. You might re­
ply that the postulated sole thrust is an ero­
sion thrust, but then this requires the trans­
lation of the Timpanogos block from eastern 
Nevada, and I ’m sure you do not imply this to 
have happened. I can see that the nature o f your 
article, in attempting to describe a basin that 
may have oil and gas possibilities, precludes 
an excursion into causes and origins of the 
structures, but nevertheless the question o f 
“ how”  rings clearly.
6. The definition o f the pre-Basin and 
Range and pre-volcanics outcrop pattern into 
uplifts and. basins is, finally, the most decisive 
argument against the grand decollement 
theory.
C H R O N O L O G Y  O F  UPLIFTS
Voluminous quantities of sedimentary rocks 
in central and eastern Utah record the pro­
gressive rise of western Utah, a region that 
was a former miogeosyncline.
A few patches of Triassic and Jurassic 
rocks occur in western Utah and eastern Ne­
vada. Stokes (I960) concludes that the Early 
Triassic, marine, fossil-bearing sedimentary 
rocks are in the central basin areas of the 
Pennsylvanian and Permian beds and, hence, 
record lingering seaways that continued in the 
general basin areas until this time. In Middle 
Triassic time, he concludes that the area was 
uplifted and became a permanent barrier be­
tween the Pacific and the interior seas as fol­
lows :
During the Late Triassic and Early Jurassic 
the continental divide may have lain in cen­
tral or western Nevada. Sediments similar and 
perhaps equivalent to the Chinle and Glen 
Canyon groups were originally more wide­
spread than indicated by present exposures and 
may have extended in unbroken sheets across 
the site o f the Wasatch-Las Vegas line into
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east-central Nevada. The volume of sediments 
of this age that were available to later erosion 
is one of the unknown quantities o f the geology 
o f the region.
That the Mesocordilleran Highland was a 
very effective source of sediment after the 
Middle Jurassic is proven by the large volumes 
of clastic sediments derived from it. Coarse 
debris commenced to spread into the Colorado 
Plateau area in San Rafael time and continued 
to do so through Morrison and Early Creta­
ceous time. During this interval, the larger de­
rived fragments and presumably much o f the 
finer material appear to have come chiefiy 
from high ground in southern Nevada, the 
Mojave section of California and west-central 
Arizona. During a portion of Brushy Basin 
(late Morrison) time the stream systems ap­
pear to have reached into central or western 
Nevada where geosynclinal siliceous rocks 
were picked up. (Stokes, 1960, p. 121).
The major rise of the belt of uplifts oc­
curred in Middle Cretaceous time, as attested 
by the volume of elastics shed from the west 
and deposited in a subsiding trough to the 
east. Figure 10 shows the deposits of Colorado 
time (Cenomanian, Turonian, and lower Se­
nonian). They are thickest and coarsest op­
posite the Sevier uplift. The volume is great, 
and if spread over western Utah would repre­
sent the erosion of at least 6,000 to 10,000 feet 
from the belt of uplifts and about 4,000 feet 
from the region of easternmost Nevada and 
western Utah. It should be noted that the up­
lifts of the Colorado Plateau, including the 
Uinta Mountains, had not begun to rise at 
this time.
Another wave of coarse elastics was spread 
from the belt of uplifts in mid-Late Creta­
ceous time, and accumulation continued in the 
form of sandstones, siltstones, and shales to 
the end of the Cretaceous (Fig. 11). Another
2,000 to 5,000 feet of rock was eroded from 
western Utah to make up the sediments de­
posited. The uplifts of the Colorado Plateau 
were still not in evidence.
During Paleocene and Eocene time, the 
Uinta uplift dominated the tectonics, as may 
be seen on the map of Figure 12. It rose to 
acquire an amplitude in excess of 32,000 feet 
(Eardley, 1962). The Uinta basin on the 
south subsided about 12,000 feet, and the 
anticlinal uplift was denuded at least as much.
The belt of uplifts in west-central Utah 
probably rose no more but being high con­
tinued to suffer erosion. Another 1,000 feet of 
rock was probably stripped from western 
Utah during this time. All told, the dominant 
belt of uplifts lost during the last half of 
Cretaceous time and Paleocene and Eocene
time a layer of rock about 15,000 feet thick 
and west of this a layer about 7,000 feet thick. 
The chief rise of the belt of uplifts is then 
clearly documented as occurring during Late 
Cretaceous tune, and it will now be interesting 
to observe the isotope dates that have come 
from the intrusions.
It should be noted that the figures given 
above of the amount of erosion of western 
Utah are minimal, because much of the Paleo­
zoic rock removed was limestone and dolomite 
which did not result in clastic accumulations. 
Where Precambrian cores are exposed, and 
consequently a greater amount of rock re­
moved, the greatest amount of sediments ac­
cumulated in the Cretaceous foredeep.
RELAT IO N  O F  UPLIFTS TO 
IG N E O U S  ACTIV ITY 
Intrusive Rocks
The intrusive rocks of the Rocky Mountains, 
including those of the shelf and the miogeo­
syncline in western Utah, occur in both the 
basins, or synclinoria, and the uplifts. There 
seems to be a majority of plutons that have
Fig. 12. Isopach map of deposits from uplifts in Paleo­
cene and Eocene time. Uplifts outlined by dashed lines. 
Contour interval 1,000 feet.
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intruded the uplifts, but in any theory of mag- 
matism provision must be made for the ar­
rival of the plutons in the sedimentary se­
quences of the basins.
The numerous stocks of the porphyry belt 
of the Front Range, Sawatch Range, and the 
San Juan Mountains include not only those 
that intrude the major uplifts but almost an 
equal number that have penetrated the thick 
sequence of Pennsylvanian and Permian sedi­
ments of the Colorado basin.
The stocks in the Cottonwood uplift of 
Utah are the only ones that appear to have 
helped in doming the sedimentary rocks of the 
uplift. The rest are discordant, seemingly pas­
sive emplacements. The Paleozoic stratigraphy 
of the Cottonwood uplift is clearly that of the 
shelf province; the other stocks westward are 
in the miogeosyncline.
The laccolithic clusters in the Colorado 
Plateau are in the basin sediments between 
the Laramide uplifts. The laccoliths of south­
western Utah are in a marginal belt between 
the shelf and miogeosyncline but also in a 
basin between the Kaibab and Sevier uplifts.
The alignment of the Uinta and Cottonwood 
uplifts, the stocks and mineral deposits of the 
Cottonwood uplift and Oquirrh Range, the 
mineral deposits, and the associated volcanic 
fields is conspicuous. Another east-west align­
ment may be seen in southwestern Utah from 
the Marysvale district through the Mineral, 
Star, and Wah Wah Ranges to the Needles 
Range, near the Nevada border. This zone ex­
tends approximately along lat. 38° 30' N.
The paucity of Late Cretaceous or Tertiary 
stocks in other areas is conspicuous. It must 
be understood, however, that these and most 
other areas are at least half concealed by al­
luvium and Teritary volcanic rocks so that 
many other stocks may be present.
The majority of the isotope ages in western 
Utah so far determined are between 20 and 
40 million years (James Whelan, personal com­
munication; R. L. Armstrong, 1966). A mean­
ingful distribution pattern of this group is not 
evident. If these isotope dates are accepted at 
face value, the stocks which they represent 
cooled during the Oligocene and early Miocene.
Several Cretaceous and Jurassic dates have 
been listed for intrusions in the southern part 
of the Snake Range and one for the stock in 
the Dolly Varden Mountains, all in eastern­
most Nevada beyond the western limit of Fig­
ure 1 (R. L. Armstrong, 1966).
Three Permian and Triassic dates have 
coine to light. One is a potassium/argon 
. (K/Ar) date from Precambrian schists in the
Northern Utah uplift, and one is a lead/alpha 
date from a granite in the Mineral Range. The 
K /A r date probably means the resetting of the 
isotope clock by a temperature rise at the 
time indicated, and the lead/alpha date on the 
granite needs confirmation by a K/Ar analysis.
Six early Paleozoic dates have also been 
listed (Hashad, 1964) that range from 484 to 
647 m.y. Four of these are from the Farming- 
ton Canyon complex of the eastern side of the 
Northern Utah uplift. One is from the Pre­
cambrian, Little Willow Series adjacent to 
the Cottonwood stock, and one comes from 
the Gold Hill stock of western Utah. These 
dates may not be significant, but they call to 
mind the early Cambrian-latest Precambrian 
orogeny in the western margin of the conti­
nent (Purcell orogeny, Eardley, 1962).
Regarding the K/Ar dates on the stocks, it 
may be said immediately that they are mini­
mum ages and theoretically should not mean 
the time of crystallization of the magmas but 
the time in the course of cooling of the solidi­
fied rock when it reached some critical temper­
ature. If all stocks were emplaced at the same 
time, it follows that those most deeply em­
placed below the surface would reach the 
critical temperature later than those closer to 
the surface and would yield younger dates.
K /Ar dates on the metamorphic rocks are 
variable, but as expected biotites from those 
near stock contacts reveal the same ages as the 
stocks. Biotite from the Little Willow Series 
near the stock contact yielded the same age as 
the stock, but hornblende yielded an age of 
560 m.y. Biotite from schist in the Raft River 
Mountains near the roof of granitic instru- 
sions yielded Tertiary ages. Precambrian 
rocks in the Deep Creek Range yielded Terti­
ary dates, although the rocks were some dis­
tance from exposed Tertiary stocks. Horn­
blende is less susceptable to loss of argon than 
mica (Hashad, 1964) and yields older figures.
Many of the stocks post-date the uplifts—  
a few by as much as 80 million years— for the 
most part they are passive, discordant in­
trusives. The stocks are also acidic in com­
position (Eardley, 1962; Gilluly, 1963).
Extrusive Rocks
The Tertiary extrusive rocks are acidic and 
closely resemble the stocks in composition 
(Eardley, 1962; Gilluly, 1963). They range in 
age from latest Eocene to Pliocene. They cover 
extensive areas in central and southwestern 
Utah and spread over a thick Cretaceous se­
quence in the High Plateaus westward across 
the southern extension of the Sevier uplift
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Fig. 13. Crustal and upper mantle layering of the western United States along the 38th parallel, approximately 
after Pakiser and Zietz (1965).
and adjacent synclinoria. They originally con­
stituted a layer that averaged about 3,000 feet 
thick. They are part of a much larger acidic 
volcanic province that spreads over much of 
Nevada.
The distribution of eruptives seems as un­
related to the uplifts as the intrusives. About 
the only observation that can be made is that 
a major area of extrusive activity occurred in 
southcentral and southwestern Utah. The east­
ern part of this large field lies in the High 
Plateaus and covers the Late Cretaceous and 
early Tertiary elastics shed from the uplifts 
to the west, whereas the more westerly parts 
of the field covers Paleozoic and Precambrian 
rocks variously. Quaternary basalts follow 
very approximately the areas of the Sevier 
and Kaibab uplifts and increase in volume 
from central Utah southward into northern 
Arizona.
The large volcanic field of south-central 
Idaho and northeastern Nevada is part of the 
Snake River downwarp or downfaulted basin, 
contains much basalt, and is probably a differ­
ent igneous province than that of southwest­
ern Utah.
The uplifts and synclinoria were consider­
ably eroded before the acidic volcanics were 
erupted. Possibly the Basin and Range fault­
ing started at the same time as the earliest 
volcanic rocks were erupted, but most of the 
displacement along the faults has occurred 
since the volcanism. The Quarternary basalts 
have been displaced somewhat along the Hur­
ricane fault.
B A S IN  A N D  R A N G E  FAULT IN G
In addition to the features of Basin and 
Range faulting recounted in the introduction 
of this paper, the following should be men­
tioned. The faults are normal and dip 50 to
70 degrees, and all significant movements in 
western Utah have been vertical. The amount 
of extension in an east-west direction amounts 
to about 30 miles from the Wasatch Range to 
the Sierra Nevada (Thompson, 1959) or about 
10 miles across western Utah. Earthquake foci 
in western Nevada indicate that the faults 
may extend downward to 18 km (Thompson, 
1959).
DEEP-CRUSTAL A N D  UPPER M A N T L E  LA Y ER IN G
The Transcontinental Geophysical Survey, 
recently reported on by Pakiser and Zietz 
(1965), is intended as a coordinating geologi­
cal and geophysical study across the continent 
between the 35th and 39th parallels of lati­
tude. A summary of the crustal and upper 
mantle layers beneath the Great Plains, Rocky 
Mountains, the Colorado Plateau, the Great 
Basin, and the Pacific border chains, as given 
by Pakiser and Zietz, is shown in Figure 13. 
Note the thin mafic lower crust and the shal­
low depth to the Mohorovi^id discontinuity 
under the western mountain systems. Note 
also the layer of low density and low velocity 
at the top of the mantle (the 7.6 km/sec 
layer). The properties of the crustal and 
upper mantle of the western mountainous re­
gion that differ from that east of the Rocky 
Mountains, are listed by Pakiser and Zietz as 
follows:
1. The average crust is relatively thin, low 
in mean velocity and density, and weakly mag­
netic. The crust is predominantly silicic and 
is separated into two distinct layers (a silicic 
upper layer and a mafic lower layer) by a dis­
continuity or narrow transition zone. The lower 
layer may be, in general, hotter than the Curie 
teriiperature.
2. The velocity and density o f the upper 
mantle are also low. The uppermost mantle 
may consist o f a mixture o f  about 4 parts
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peridotite and 1 part basalt, and the basaltic 
fraction may grade into eclogite at a depth of 
about 70 km. Thompson and Talwani have also 
suggested that the anomalous upper mantle 
in the Sierra Nevada and the Basin and Range 
province may be made up of a mixture of 
peridotite and basalt, or feldspathic peridotite. 
Other possible explanations for the low velocity 
and density o f the upper mantle include par­
tial melting, real differences in chemical com­
position, partial serpentinization o f  peridotite, 
and thermal expansion. It is unlikely that any 
single explanation is adequate to account for 
the anomalous upper mantle.
3. Late Mesozoic and Cenozoic diastrophism, 
plutonism, and volcanism have been widespread 
during the past 100 million years or so. The 
crust and upper mantle can be thought of as 
youthful in the sense that they are still in the 
process o f  evolution. This statement is not 
meant to imply that the western crust does 
not contain very old rocks. The crust is now 
receiving mafic and probably also silicic ma­
terial from  the mantle by the familiar geologic 
processes o f intrusion and volcanism. Silicic 
material is being removed from  the upper sur­
face of the western continental crust by weath­
ering and erosion and is being transported to 
the oceans by streams.
The crustal properties we have been describ­
ing are best explained by assuming that the 
primitive crust that evolved from  the mantle 
was silicic and that it has been made slowly 
more mafic by addition of mafic material from 
the mantle accompanied by removal of silicic 
material from  the earth’s continental surfaces 
by erosion and stream transport (Pakiser, 
1965). The process o f  evolving silicic material 
from  the mantle may still be continuing in tec­
tonically active areas where Cenozoic silicic 
igneous activity has been widespread, but some 
silicic igneous rocks o f  Cenozoic age are prob­
ably reworked crustal material.
Gilluly has pointed out that the continents 
can be maintained against erosive destruction 
and their isostatic equilibrium preserved only 
by some process o f subcrustal flow that re­
places the material that has been carried away 
by streams. W e speculate that molten basalt 
may flow laterally in a solid matrix o f mantle 
peridotite from  beneath parts o f  the ocean 
basins and into the upper mantle beneath the 
active areas o f  the continents, thus replacing 
the, silicic material removed by erosion and 
replenishing the supply of mafic material that 
has been migrating upward from  the mantle 
and into the crust. This process o f  subcrustal 
flow may occur in the low-velocity layer o f  the 
upper mantle at a depth o f  about 100 km 
■wmere, at a temperature o f  about 1,200°C, a 
minor basaltic fraction of the mantle would 
melt while the predominant peridotite would 
remain solid.
* The continental surfaces in active regions
such as the western United States slowly rise, 
for basalt added to the crust from  the mantle 
below expands by about 10% if  it was in the 
form o f  eclogite before melting, and the con­
tinental crust grows thicker. Additional up­
lift may come about because o f the transfor­
mation of mantle garnet peridotite into plagio- 
clase peridote, which is accompanied by ex­
pansion of about 3% .
Buildup o f the mafic lower crust was prob­
ably accomplished by widespread intrusion of 
dikes, sills, and mafic plutons. Addition o f  mafic 
material to the silicic upper crust was probably 
accomplished by these same intrusive processes, 
plus the building o f  volcanoes and thick sheets 
o f flood basalt.
P R O P O S E D  t h e o r y  O F  C O M M O N  O R IG IN  O F  
SU RF IC IAL  STRUCTURES, IG N E O U S  R O C K S ,  
A N D  EP E IR O G EN Y
With the role which the upper mantle played 
in crustal tectonism and magmatism, above 
depicted by Pakiser and Zietz, a summary of 
the origin of primary uplifts, the siliceous 
intrusions and extrusions, epeirogenic uplift, 
and Basin and Range faulting of Colorado and 
Utah will next be attempted.
The theory has already been proposed that 
the acidic stocks and volcanic rocks of the 
Great Basin have originated from the melting 
of the basal part of the granitic complex. The 
heat necessary to cause the melting is pre­
sumed to come in good measure from molten 
basalt that has risen from the mantle. With 
the recognition of the vertical uplifts in the 
shelf and the western Utah portion of the 
miogeosyncline, it is now postulated that the 
rising basalt had arrived irregularly and had 
blistered up the granitic layer and overlying 
sedimentary rocks. More melting is generally 
required in the miogeosyncline because of the 
greater volume of volcanic rocks and stocks 
there than in the shelf. This would presume 
the rise of more basalt in the miogeosyncline 
under the granitic layer than in the shelf 
(Fig. 14).
With this concept of the origin of the up­
lifts and surficial igneous rocks as a premise, 
the following history is proposed.
It is postulated that basalt first began rising 
from the mantle in Early Pennsylvanian time 
in large volume in Colorado and easternmost 
Utah to cause the primary uplifts of the An­
cestral Rockies and in less volume to produce 
the positive areas of the miogeosyncline of 
western Utah. The basins between the uplifts 
sank somewhat as the result of the weight of 
their own sediments, and thus the structural 
relief was accentuated. The shelf generally 
subsided until the close of Cretaceous time.
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and the up lifts  w ere eroded and gradually- 
buried. The m iogeosyncline o f  'w estern Utah 
was finally drained o f  all seas in E arly  T rias­
sic tim e, and all western Utah changed to a 
regim en o f  erosion . The reason why the shelf 
should subside during M esozoic tim e and the 
m iogeosyncline should becom e gently positive, 
at least until M iddle Cretaceous tim e, is not 
apparent.
D uring M iddle and part o f  Late Jurassic 
time, a seaway existed east o f  the uplifted  
geosynclinal region , and a narrow  basin de­
veloped along the hingeline o f  the form er 
geosyncline and shelf w here a thick lim estone 
and shale deposit form ed.
In M iddle Cretaceous time, a m a jor  surge 
o f  basalt from  the m antle elevated the uplifts 
o f  the belt from  southeastern Idaho to  south­
w estern Utah, and the N orthern  Utah, Cache, 
and Sevier uplifts rose abruptly about 10,000 
feet. A gain  in m id-Late Cretaceous tim e, an ­
other dom ing occurred in the belt o f  up lifts 
to the extent o f  5,000 to 10,000 feet. Each 
time, great fioods o f  elastics were washed to  
the east-fianking piedm ont and basin.
The oversteepened fianks o f  the up lifts  shed 
various slide masses m ostly along bedding 
surfaces, and the Paleozoic sediments between 
uplifts were com pressed. The upper layers, 
particularly, w ere folded and thrust faulted.
The rise o f  the up lifts  in the shelf began in 
m id-Late Cretaceous tim e. Each one som ewhat 
had its own history, w ith  the U inta u p lift 
noted fo r  the m a jor  u p lift not until at least 
m iddle Eocene. This h istory  attests to the 
somewhat later rise  o f  basalt from  the mantle 
under the shelf than the m iogeosyncline.
The hot basalt started m obilizing the low er 
part o f  the silicic  layer, probably first under 
the uplifts but eventually under the basins 
also. A  large  stock  from  the acid ic m agm a 
was emplaced in the southeastern fiank o f  the 
Sevier u p lift possibly in E arly T riassic tim e, 
several gran itic  stocks were intruded and 
cooled in about M iddle Cretaceous tim e along 
the N evada-U tah border, and finally in  O ligo­
cene and early M iocene tim e m uch acid ic 
m agm a m ade its w ay in  a number o f  places 
into the overly ing rocks o f  western Utah.
The early and m id-E ocene fresh  w ater lakes 
north  and south o f  the U inta M ountains in d i­
cate that these basins stood at about 1,000 
feet above sea level. S im ilarly a large lake in 
eastern N evada lying w est o f  the Snake up­
lift  should be regarded as occupying a basin 
w hose surface w as not fa r  above sea level. So 
probably in  m id-E ocene time, we should con ­
sider the terrane o f  U tah and Colorado as
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marked by ranges of fairly high relief in the 
sites of the uplifts, with two basin areas not 
much above sea level. The uplifts of the shelf 
region must have been particularly high, but 
those of the miogeosyncline were more sub­
dued, being older. This concept of relief is 
significant in shaping ideas about the mag­
matic and tectonic events, because the geo­
morphic and paleontologic record of Oligocene 
and Miocene time indicates regional uplift in 
the order of 5,000 to 8,000 feet (Eardley, 
1962). Accordingly, it is postulated that by 
early Oligocene time the liquid basalt layer 
and the overlying partially melted silicic crust 
had become a continuous liquid layer under 
the entire miogeosyncline of western Utah 
a,nd, in the generation of basalt and the change 
to lighter density of the upper mantle (the 
7.6 km/sec layer), had expanded vertically, 
and the entire region had been elevated so 
that the average relief approached several 
thousand feet above sea level. The mid-Eocene 
lake basins were now several thousand feet 
high. Thereupon, the overlying crust with a 
mobile subcrust was attenuated and responded 
by fracturing and faulting, and the tilted 
blocks and the graben and horst structure of 
the Great Basin came into existence.
With the inception of normal faulting, the 
silicic magma surged upward to the surface 
in many places. Its temperature and water 
content were just right to result in voluminous 
and blanketing ignimbrite flows over south­
western Utah and adjacent Nevada. In places, 
the ignimbrite eruptions probably issued from 
long fissures. It appears that the main phase 
of volcanic activity extended from early Oligo­
cene to early Miocene time, but the fault 
block adjustment continued, and the volcanic 
masses were broken and much displaced. The 
silicic crust or western Utah subsided some­
what incident to the block-faulting volcanism.
It may be conceived that the silicic magmas 
were exhausted in places or cooled and solidi­
fied, whereupon, and lastly, the underlying 
basaltic magma was tapped and rose to the 
surface along the faults in Quaternary time.
The early rise of basalt was irregular spa­
tially, and first formed the hydrodynamic pri­
mary uplifts of the silicic crust. The surficial 
structures were thus framed about the uplifts. 
When the basalt built up to a continuous layer 
under the miogeosyncline, the attenuation 
forces of regional direction became dominant, 
and an entirely new framework of deforma­
tion, discordant with the local uplifts, was 
created.
The nature of the block faulting and the 
cause of the attenuation westward point to a 
lateral shift of the crust to the Pacific basin 
in response to gravity.
It may be pointed out that the evolution of 
magmas and uplifts in the miogeosyncline dif­
fered from those in the shelf in several ways. 
The igneous rocks of the shelf are alkalic and 
calc-alkalic and poor in silica, whereas, those 
of the miogeosyncline are normal in alkalies 
and richer in silica. The high sodium and po­
tassium content of many of the intrusive and 
extrusive rocks of the shelf is due presumably 
first, to a primary basalt rich in alkalies (oli­
vine basalt) and second, to the melting and 
assimilation of crystalline rocks with high al­
kalic content. The high alkalic silicic magmas 
had considerable opportunity to differentiate 
in quiet hearths in the shelf province and to 
produce a variety of unusual rocks, such as 
shonkinite and nepheline syenite. The magmas 
of the miogeosyncline did not differentiate 
much but intruded and erupted in the form 
of the primary silicic magma as first formed. 
The basalt was evidently of the olivine variety, 
judging from the Quaternary basalts there, 
but the assimilated crystalline basement was 
low in the alkalies.
The volume of silicic magma was less in the 
shelf province and apparently was spotty in 
its development. The volcanic activity tended 
to be localized in centers. There the basaltic 
and silicic magma issued alternately to some 
extent. How nature managed this is not clear. 
In the miogeosyncline on the other hand, the 
melting of the crystalline basement became 
almost ubiquitous, and the magmas thus pro­
duced furnished almost all intrusive and ex­
trusive melts. Only in the last dying stage 
of the magmatic activity was the deeper basalt 
tapped.
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ABSTRACT
The Great Basin is bordered on the west by the Sierra Nevada and on the east by the Colorado 
Plateau and Rocky Mountains. These tectonically different provinces are genetically related; basin and 
range structure evolved as part of the tectonic development of western North America.
The Precambrian framework here is not well known, but northeasterly geosynclinal trends, east- 
west orogenic trends, and northwesterly fracture zones can be projected from the craton or inferred.
Sedimentation in the Cordilleran orthogeosyncline from Cambrian to Devonian time was charac­
terized by an eastern miogeosynclinal (carbonate) and a western eugeosynclinal (siliceous and volcanic) 
assemblage. In latest Devonian time, the Antler orogenic belt formed by predominantly vertical uplift 
along the boundary between these assemblages at the continent-ocean basin interface where loading and 
thermal blanketing changed mineral phases in the mantle. In late Paleozoic and early Mesozoic time, 
two post-Antler marginal troughs developed in which thick orogenic sediments accumulated. These 
troughs later became the sites of the Nevadan and Sevier orogenic belts.
During late Mesozoic time, an enormous volume of debris was transported from the Nevadan and 
Sevier orogenic belts eastward into the Rocky Mountain geosyncline and westward into the Pacific geo­
syncline. About 5 miles of material were eroded from each square mile of source area. The unloading and 
loading affected crustal and mantle equilibrium. In the source area, crustal break-up, possibly accentu­
ated by magmatism, resulted in basin and range structure. In the Rocky Mountain geosyncline where 
the crust was thickened, the Rocky Mountains and the Colorado Plateau were uplifted.
IN T R O D U C T IO N
The landscapes of the western United States 
are among the most scenic and varied in the 
world. Within a span of 500 miles, a diverse 
terrain includes the Sierra Nevada, Great 
Basin, Colorado Plateau, and Rocky Mountain 
physiographic provinces (Fenneman, 1931) 
(Fig. 1). The interrelationship of these dif­
ferent provinces is one of the major problems 
in North American geology. In order to ex­
plain this interrelationship, I will trace the 
tectonic development of these provinces, show 
that the major events progressed sequentially, 
and suggest that the Sierra Nevada, Great 
Basin, Colorado Plateau, and Rocky Moun­
tains evolved together as part of the frame­
work of western North America.
Several significant tectonic events will be 
singled out for emphasis in the tectonic syn­
thesis here presented. The first is the Antler 
orogeny of Late Devonian to Early Pennsyl­
vanian time that followed 300 million years of 
sedimentation in the Cordilleran geosyncline. 
The second is the Sonoma orogeny of Late 
Permian age. The third includes two orogenic 
^events, the Sevier and Nevadan of Late Juras­
sic through Early Cretaceous age that de­
veloped on the fianks of the Antler orogenic 
belt. The fourth is the basin and range orog­
eny of late Tertiary and Quaternary age that 
developed on the sites of the Antler, Sevier, 
and Nevadan belts and represents the cli­
mactic orogeny of the western continental 
margin.
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PR EV IO U S  C O N C E P T S
The land forms of the Great Basin province 
have, from time to time, occupied the atten­
tion of many eminent geologists. Clarence 
King (1878), Gilbert (1875, 1928), and Le 
Conte (1889) were among the early workers. 
More recently, Davis (1925), Nolan (1943), 
Longwell (1950), Mackin (1960a, b ), Gilluly 
(1949, 1955, 1963, 1965), Allison (1949), P.
^Branch o]f Base Metals, U.S. Geological Survey, Menlo Park, California. Publication authorized by the Director, U.S. Geological Survey,
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B. King (1958, 1959, 1966), Thompson (1959, 
1960b), Donath (1962), Shawe (1965), and 
Damon and Mauger (1966) have considered 
basin and range problems.
It is not practicable here to discuss all the 
ideas proposed to explain the origin of basin 
and range structure, but the principal mecha­
nisms will be described briefly. These mecha­
nisms fall into four major classes: 1) those 
related to compressional stress followed by ex­
tension, 2) to collapse of the crust due to 
volcanic activity, 3) to regional extension due 
to convection, and 4) to strike-slip faulting.
Clarence King (1870, 1878) and Gilbert
(1875) were among the first to discuss folding 
and block faulting. L. F. Noble* (1941) and 
Hewett (1954, 1956) noted that thrusting of 
probable Pliocene age was both preceded and 
followed by normal faulting. Nolan (1935) 
also described alternation of thrust faulting 
and normal faulting in the Gold Hill district, 
western Utah. Later, Nolan (1943) stated the 
case for regional compression followed by ex­
tension as follows:
Finally, there appears to be a suggestive 
connection in time between the block faulting 
and the preceding folding and thrusting . . . .  
a relation that may. be interpreted as sequential
_L X
Fig. 1. Index map.
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and implying continuity in action o f  the same
causitive forces.
Collapse of the crust due to volcanism has 
been suggested by Le Conte (1889), Mackin 
(1960a, b), and Damon and Mauger (1966). 
Le Conte visualized that the crust floated on 
a subcrustal liquid layer which during “in­
tumescence” locally arched the crust until col­
lapse ensued, as shown on Figure 2. Mackin 
(1960b, p. 127) developed this concept fur­
ther, suggesting that the eruption of enormous 
volumes of lavas and tuffs in the Great Basin 
during the Cenozoic resulted in crustal col­
lapse and caused basin and range structure 
(Fig. 3). Damon and Mauger state that middle 
Tertiary magmatism in the Great Basin was 
an exothermic process favoring phase changes 
from low to high density with consequent col­
lapse.
Longwell, Gilluly, Cook, and Thompson have 
advocated subcrustal convection currents to 
account for basin and range faults. Longwell 
(1950) and later, Gilluly (1963, 1965) sug­
gested that lateral transfer of material from 
the basin ranges eastward to the area of the 
plateau caused collapse in the basin ranges 
and uplift of the plateau. Cook (1962) sug­
gested westward transfer to cause crustal thin­
ning in the Great Basin with resulting collapse.
Tectonic Framework of the G reat Basin
Fig. 2. Model of Basin and Range structure according 
to Le Conte (1889). A. Crust broken into blocks. B. 
Crust arched and blocks separated. C. Crust read­
justed by gravity.
Thompson (1959, 1960a,b, 1966; in Thomp­
son and Talwani, 1964 a,b) has discussed basin 
and range structure in somewhat different 
terms; he visualizes expansion in the lower 
crust or mantle due to phase changes. This 
expansion, possibly aided by igneous intru­
sions, may cause regional extension and de­
velopment of horsts and grabens (Fig. 4).
Strike-slip faulting, a variation of the re­
gional compression mechanism, has been sug­
gested by Allison (1949), Donath (1959, 
1962), and Shawe (1965). North-south com­
pression is postulated, resulting in a pattern 
of northwest, northeast, and north-south frac-
Fig. 3. Model of Basin and Range structure after J. H. Mackin (written communication, 1960).
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Fig. 4. Sketch section of Basin and Range structure 
after Thompson (1966).
tures. P. B. King (1959) suggested that ex­
tension implied by normal faulting was a com­
ponent of pervasive crustal compression.
The foregoing interpretations have been 
developed during investigations that have 
lasted nearly a hundred years, but none is 
wholly satisfactory. As our knowledge of the 
tectonic framework and behavior of the crust 
and mantle has increased enormously during 
recent years, further inquiry into the basin 
and range problem seems warranted. In this 
discussion the tectonic history of the western 
states will be outlined, and pertinent modern 
geochemical and geophysical concepts will be 
summarized. Then an orogenic model and a 
basin and range mechanism based on my un­
derstanding of the tectonic history and of 
these concepts will be suggested.
T E C T O N IC  F R A M E W O R K
Contributions to our understanding of the 
tectonic framework of the western states have 
been made by many field geologists. This work 
has been synthesized by Schuchert (1923), 
Nolan (1928, 1943), Eardley (1947), Kay 
(1951), Roberts and others (1958), P. B. King 
(1958, 1959, 1966), Engel (1963), and Gilluly 
(1949, 1955, 1963, 1965).
Schuchert (1923) was the first to use the 
term Cordilleran geosyncline for the zone of 
sedimentation on the western continental bor­
der. He discussed the history of the geosyn­
cline during its complex evolution. Nolan 
(1928, 1943) clarified details and further de­
veloped the earlier suggestion by Hague 
(1892) and Ferguson (1924) that a late Paleo­
zoic positive area formed in west-central Ne­
vada. Eardley (1947) added pertinent infor­
mation and showed that the geosyncline was 
composed of two parts, a Pacific trough in 
which volcanic rocks and graywackes accumu­
lated and a Rocky Mountain trough in which 
carbonate rocks, shale, and sandstone accumu­
lated. Kay (1947, 1952) clarified the distribu­
tion and designation of facies within the geo­
syncline. Merriam and Anderson (1942), fol­
lowing suggestions of Kirk (1933), estab­
lished that large-scale telescoping of facies on 
thrust faults had juxtaposed eugeosynclinal 
and miogeosynclinal facies in the Roberts 
Mountains. Roberts (1951), Roberts and 
others (1958), and Silberling and Roberts
(1962) further developed this idea and showed 
that the telescoping extended over a belt more 
than 90 miles wide. This belt coincided in part 
with the late Paleozoic positive area of Nolan 
(1928), but, as the term “positive area” did 
not adequately describe the complexities and 
extent of deformation within the belt, Roberts 
(1951) renamed it the Antler orogenic belt 
after Antler Peak where its effects are well 
shown.
Further confirmation of large-scale tele­
scoping of facies during orogeny in the Antler 
belt was supplied by Hotz and Willden (1955, 
1964) who recognized rocks transitional in 
facies in the autochthon in the Winnemucca- 
Golconda area between the sites of deposition 
of eugeosynclinal and miogeosynclinal types. 
Recognition of the initial distribution of fa­
cies in the Cordilleran geosyncline permitted 
a realistic reconstruction of the geosyncline 
(Roberts and others, 1958, Fig. 2). This re­
construction gives us a picture of the evolu­
tion of crustal structure during Paleozoic 
time which influenced the subsequent tectonic 
history of this region and set the stage for a 
series of events that ended in the formation 
of the basin and range structure. These events 
will be illustrated by diagrams that show the 
evolution of western North America along the 
40th parallel from Precambrian to Miocene 
time.
Precam brian
Precambrian rocks are exposed only on the 
eastern flank of the Cordilleran geosyncline 
and at a few places within it, but some trends 
can be projected into the geosyncline from 
the east and other major trends can be in­
ferred. Schuchert (1923) and Ross (1963) 
recognized that the Cordilleran geosyncline 
was well developed by Cambrian time. This is 
shown on Figure 5 as a northeasterly geosyn­
clinal trend. Another major trend is repre­
sented by the Cortez-Uinta axis, an east-west 
orogeni'd trend of Precambrian and Paleozoic 
age (Webb, 1958; Roberts and others, 1965). 
Northwest-trending mineral belts in north-
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Fig. 5. Map showing major structural and geosynclinal trends of Precambrian age in Nevada.
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central Nevada probably represent deep-seated 
fracture system s (R oberts, 1966) that local­
ized m ovem ent o f  magm as upward during 
M esozoic and Tertiary tim e.
The northeast, east-west, and northwest 
trends in th e  Great Basin province have been 
reactivated in m any places in post-Cam brian 
time and thus have exerted a pow erful influ­
ence on all later structural development 
throughout the h istory o f  the geosyncline.
Paleozoic
B y the beg in n in g  o f  the Cambrian, the sea 
onlapped the continent (F ig . 6 ) from  the w est 
over a broad  m iogeosynclinal shelf and by  
Middle Cam brian tim e reached the craton 
about 400 miles to  the east in central U tah 
(Lochm an-Balk, 1957). E xcept fo r  some sand­
stone units and m inor shales, carbonates 
o f shallow-water facies predom inate in the 
m iogeosynclinal zone. W estw ard these rocks 
grade im perceptibly into the transitional as­
semblage o f  the continental slope in w hich 
the carbonates give w ay to shales and bedded 
chert o f  deeper water facies. On the west, the 
continental slope was flanked by  the eugeo­
synclinal zone in w hich volcanic rocks, chert, 
and elastics accumulated on the oceanic crust 
in an offshore deep-w ater environment. In 
places, volcanic archipelagos separated the 
eugeosynclinal zone from  the open ocean, but 
in other places the zone passed directly into 
the open ocean.
The Cordilleran geosyncline, as visualized 
here, was an  unsym m etrical feature that ex ­
tended from  the open ocean to the craton. The 
sources o f clastic sedim ents that make up part 
o f  the eugeosynclinal and transitional fa cies  
must have been intrageosynclinal, possibly 
from  em ergent areas such as peninsulas and 
islands a long the coastline, as well as from  the 
craton.
The Cordilleran geosyncline thus consisted 
o f three parts, each characterized by a d istinc­
tive environm ent in  w hich separate but grada­
tional facies  accumulated. In early Paleozoic 
time, the sia lic (s ilic ic )  upper crustal layer 
(F ig . 6A ) extended in to w estern Nevada to 
the edge o f  the continental slope, and the 
sima (m afic) crust extended from  this poin t 
westward. Sedim entation in the geosyncline 
continued in  this pattern until Late Devonian 
time (F ig . 6C) when a w rinkle began to de­
velop in the area where the continental slope 
graded into the eugeosynclinal zone. Part o f  
this zone becam e em ergent, and elastics w ere 
shed into th e  flanking seas. These elastics have 
been considered early orogen ic (Carlisle and
Nelson, 1955; R oberts and others, 1958, p. 
2837, F ig . lO B ) ,  because they interfinger with 
chert and shale o f  the siliceous assem blage and 
were transported eastward w ith these rocks 
during the A ntter orogeny.
W hy did the ancestral orogen ic belt develop 
along the boundary zone between the conti­
nental slope and eugeosynclinal environm ent? 
The unique feature o f  this zone is that it 
marks the locus o f  m axim um  sedim entation 
during the preceding early and m iddle Paleo­
zoic E ra— a span o f  more than 250 million 
years. In this zone, sediments aggregating
40,000 to 50,000 feet accumulated. This thick­
ness m ay be com pared to the 15,000 to 20,000 
feet o f  sedim ents that accumulated in the m io­
geosynclinal zone to the east. E vidently 40,000 
to 50,000 feet o f  sediment on a hinge area, 
such as a continental border (F ig . 6 C ), is a 
critical thickness w ith respect to crust-m antle 
equilibrium . Lawson (1927, p. 257) pointed 
this out long ago concern ing the Cretaceous 
Rocky M ountain geosyncline, and it still seems 
to be a useful em pirical rule.
A t any rate, in latest Devonian tim e (F ig . 
6 C ), an orogen ic belt began to fo rm  (Roberts 
and others, 1958; Ketner and Smith, 1963). As 
uplift proceeded, two troughs or foredeeps de­
veloped on the flanks o f  the orogen ic belt; on 
the west, siliceous, volcanic, and clastic de­
posits accum ulated in the eugeosynclinal en­
vironm ent, and on the east, elastics were 
deposited in the Chainm an-Diam ond Peak 
trough. A t first the rate o f  u p lift was slow, 
and only fine elastics were carried  into the 
flanking troughs. A s time went on, the rate 
o f  uplift increased, and coarser elastics were 
shed from  the orogenic belt. By earliest M is­
sissippian tim e (F ig . 6 D ), em ergence had 
reached a point where a grav ity  thrust or glide 
plate broke aw ay and m oved eastward into the 
foredeep (F ig . 6 E ). The mass was 4 to 8 
miles (6.5 to 13.0 km ) in thickness and made 
up m ostly o f siliceous and volcanic and tran­
sitional assem blage rock s ; the fron ta l part 
reached a point 90 to 100 m iles east or south­
east o f its point o f  origin . A lthough  the plate 
was internally deform ed during u p lift and 
movem ent by fo ld in g  and im brication, the 
deform ation seems to  have been local, and the 
fronta l part contains rocks that are transi­
tional in facies or m ore nearly transitional 
than those in the m iddle and rear. The d istri­
bution o f  facies in the plate, therefore, closely 
parallels their original d istribution  in the 
geosynclm e.
Concom itant with glid ing, the emergent 
area was being eroded and elastics w ere being
UMR Journal, N o . 1 (A pr il 1968)
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shed both to the east and west. These orogenic 
elastics o f  M ississippian and Pennsylvanian 
age ultim ately overlapped the toe o f  the glide 
plate (F ig . 6 E ).  W estward, the M ississippian 
and Low er Pennsylvanian rocks w edged out, 
and U pper Pennsylvanian rocks lapped onto 
the central part o f  the orogen ic belt (Roberts, 
1951; R oberts and others, 1958). B y  Perm ian 
tim e, except fo r  local islands and peninsulas, 
m ost o f the orogen ic belt was eroded nearly to 
sea level and w as overlapped by lim estone o f 
shallow -w ater facies.
D uring Late Perm ian tim e, orogeny again 
disturbed w estern Nevada and culm inated in 
the m ovem ent o f  another m ajor plate east­
w ard on the G olconda glide plane during the 
Sonoma orogeny (S ilberlin g  and Roberts, 
1962). T he orogeny was confined m ostly to the 
w estern flank o f  the A ntler belt, but locally the 
Golconda plate and its northern continuation, 
the H ailey, largely  covered the A ntler belt 
(R oberts and Thom asson, 1964). In the Late 
Perm ian and E arly  T riassic, the eastern fiank 
o f  the Sonom a orogen ic belt was overlapped by 
volcanic rocks o f  the K oipato Form ation.
M esozo ic
D uring succeeding T riassic  and Jurassic 
tim e, except fo r  a few  islands, central Nevada 
was covered b y  shallow seas. Sedim ents de­
posited during this interval are preserved in 
only a fe w  places, but it is in ferred  from  cur­
rent m arkings in U pper T riassic  sandstones 
that these sands were transported into central 
and w estern Nevada from  the east (S ilberling 
and Roberts, 1962).
In  Late Jurassic tim e, the patterns o f  sedi­
m entation began to change again  (F ig . 7 A ). 
In eastern N evada and central Utah, evaporite 
basins form ed, and th ick  beds o f  gypsum  were 
locally deposited (Olson, .1964, p. 211; S ilber­
ling, 1964, p. 28 ; Spieker, 1946 ). The evaporite 
basins w ere finally inundated by  clastic debris 
derived fro m  risin g  lands in  w estern Utah 
and eastern Nevada. The M orrison  (U pper 
Jurassic) and E phraim  (L ow er Cretaceous) 
Form ations in central and eastern Utah were 
am ong the first elastics laid down. The M or­
rison  is p artly  continental and partly lagoonal. 
Its lithology is m ostly shale and silt, but it also 
contains lenses o f  sand and conglom erate 
w hich  w ere derived from  the w est (Spieker, 
1946; L ove and others, 1945, 1947; Peterson, 
1957) and fill fluviatile channels. The Ephraim  
F orm ation  clearly coarsens w estw ard, indicat­
in g  that the source terrain  was in western 
U tah (H aun and Kent, 1965, p. 1790). Spieker 
(1 9 4 6 ), E ard ley  (1959a, b ) ,  Stokes (1957 ),
and Schoff (1951) have described the rocks, 
and N olan (1928, 1943) and H arris (1959) 
have described parts o f  the source orogenic 
belt. Nolan, fo llow in g  Schuchert (1 9 2 3 ), re­
ferred  to the ^ uplifted areas in eastern N e­
vada as the Cordilleran [Interm ontane] gean­
ticline. Schoff (1951 ) called it the Cedar Hills 
orogeny. H arris (1959) renam ed it the Sevier 
u p lift and, m ore recently, A rm strong  and H an­
sen (1966) have raised its rank to Sevier oro­
gen ic belt. The latter name seems m ore appro­
priate because the Sevier orogeny was o f  re­
gional s ign ificance; m oreover, the zone o f  
m ajor uplift was fa r  west o f  the Cedar Hills 
in w estern U tah and eastern Nevada.
Concom itant w ith  the eastward transport o f  
sedim ents from  the Sevier belt, westw ard 
transport o f  debris into a basin or series o f  
basins is recorded b y  the N ew ark Canyon F or­
m ation o f  late E arly  Cretaceous age in north- 
central Nevada and near Eureka (M acN eil, 
1939; Nolan and others, 1956). The N ew ark 
Canyon contains beds ranging from  coarse 
boulder conglom erates to fine-grained lake de­
posits, an association  w hich indicates rugged 
source areas and in terior drainage. This, then, 
is the ancestral basin  and range structure. 
N orth-central N evada at that tim e was above 
sea level and m ay have been an interm ontane 
plateau w ith scattered lakes separated by  
ranges. Possibly som e m ajor  stream s carried  
debris from  this area eastward or w estw ard 
into flanking seas, but it is im possible to  eval­
uate the relative am ount deposited w ith in  the 
interm ontane plateau and that transported 
outside. Much o f  the N ew ark Canyon is 
stained reddish b y  iron oxides, ind icating 
lateritic w eathering in upland source areas.
D uring the rem ainder o f  the Cretaceous P e­
riod, a trem endous am ount o f  debris was 
transported eastw ard from  the Sevier belt into 
flood-plain and m arine environm ents (Reeside, 
1944; A rm strong and Hansen, 1966; M ackin, 
1937; P . B. K ing, 1958, 1959; Crittenden, 
1964) indicating v irtually  continuous uplift 
on the west and dow nsinking on the east. The 
zone o f  m axim um  late M esozoic u p lift coin­
cided closely w ith  the zone o f  m axim um  subsi­
dence and accum ulation during the preceding 
M ississippian to  Jurassic post-A ntler interval. 
D uring the Cretaceous, m ore than 20,000 feet 
o f  sediments w ere locally deposited in th e  east­
ern p art o f  the foredeep  o f  the Sevier orogenic 
belt w hich coincides generally w ith  the present 
Colorado Plateau and R ocky M ountains. Ree­
side (1*944) and G illuly (1949, 1963) calcu­
lated that in all, about a m illion cu b ic miles 
o f  m aterial was transported eastward from
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Fig. 7. Diagram showing evolution of the Cordilleran geosyncline from Early Jurassic to Miocene time.
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the Sevier orogenic belt. The effective source 
area was about 200,000 square miles w hich 
means that on the average 5 cu b ic miles o f  m a­
terial were eroded from  each square m ile o f  
source area. M ost o f the m aterial was depos­
ited w ith in  100 miles o f  the source, but shaly 
tongues and blankets extended fa r  into the 
Central states.
Cenozo ic
In Paleocene and Eocene tim e, the supply o f  
clastic rocks from  the Sevier belt on the w est 
gradually dim inished, and the em ergent source 
areas sh ifted  eastward to  the area o f  the L ara ­
mide orogeny (F ig . 7 C ). Instead o f  a single 
elongate orogen ic  belt and relatively sim ple 
depositional trough, the Laram ide orogenic 
belt was com plex. It consisted o f  local up lifts 
extending from  central Utah to the present 
Rocky M ountain fron t, separated by relatively 
small basins (Bradley, 1936; A tw ood and A t ­
wood, 1938; Van Houten, 1948; Hunt, 1956;
P. B. K ing, 1958). B y  late Eocene tim e, these 
basins covered m ost o f  the area o f  the Rocky 
M ountains.
Meanwhile, on the west, the S ierra  Nevada 
was undergoing a com parable evolution. De­
bris  was shed w estw ard into em baym ents and 
troughs along the continental border such as 
the one in w hich  the Franciscan Form ation  o f 
Late Jurassic and E arly and Late Cretaceous 
age was deposited (Anderson, 1938; Bailey 
and Irw in, 1959). Succeeding units o f  Creta­
ceous age are in places m ore coarsely clastic 
and contain m uch K -feldspar derived from  the 
batholiths in the S ierra N evada (Anderson, 
1938; Irw in, 1957; Bailey and Irw in, 1959). 
T he volume o f  sedim entary rocks o f  Creta­
ceous age in the Great Valley is estim ated by 
Bailey and others (1964) to exceed 500,000 
cubic miles and m ay total 1,000,000 cubic 
miles. In Eocene tim e in central California, 
the lone Form ation (A llen, 1929) lapped east­
w ard over the Cretaceous rocks o f  the Great
Fig. 8. Model of elongate upwarp after Beloussov (1961). 
UMR Journal, No. 1 (A pril 1968)
Tectonic Framework of the Great Basin 111
Valley and onto the m etam orphic and granitic 
rocks o f the Sierra N evada; the lone is mostly 
clayey sand and silt, indicating a slowing o f  
the rate of uplift.
In eastern Nevada and western Utah during 
early Tertiary time, the Sevier orogenic up­
land was fragm ented, the east-flowing drain­
age was disrupted, and a series o f  broad ba­
sins form ed in w hich the Sheep Pass Form a­
tion and related units were deposited (W in ­
frey , 1960; P . B. K ing, 1959) (F ig . 7 D ). The 
terrain  at this tim e was characterized by al­
ternating basins and low  ranges w hich repre­
sented an eastward expansion o f  the ancestral 
basin and range topography o f central N e­
vada. By O ligocene tim e, broad fresh-w ater 
lakes covered much o f  Nevada and western 
Utah, and the basin and range pattern was 
clearly shown (H ubbs and Miller, 1948; P. B. 
K ing, 1958; 1959, p. 156 ). By M iocene time, 
basin and range topography extended from  
the W asatch M ountains in Utah to the Sierra 
Nevada and m ost o f  the area drained into in­
terior basins (H ubbs and Miller, 1948; A xel­
rod, 1957, 1962) (F ig . 7 D ).
Basin and range topography, therefore, de­
veloped in areas form erly  involved in orogen y ; 
but what sort o f orogeny? Misch (1960), Misch 
and Hazzard (1962 ), and Arm strong and Han­
sen (1966) have emphasized that com pressive 
stresses prevailed in the early stages o f oro­
genic movements in the Sevier belt. Roberts 
and others (1965) and W hitebread (1966) re­
gard uplift in the Sevier belt as prim arily 
epeirogenic and consider com pressive stress 
to be minor and due prim arily to gravity. Be- 
loussov’s model o f  a broad upwarp (1961) 
shows the essential features o f this kind o f  
u p lift (F ig . 8 ) .  In the upper photograph, lon­
gitudinal and transverse fractures that form ed 
during uplift are shown. In the section below, 
steep fractures are shown on the crest o f a 
fold, and gently inclined fractures on the 
flanks; when these join , a cycloidal shear may 
form  and a grav ity  slide plate can be gen­
erated. The great glide plates o f  central Utah 
that rode eastward on the Willard, Charleston, 
and N ebo glide planes, w ere rooted in the west. 
Like the Roberts M ountains plate, they were 
relatively thin and m oved into troughs or fo re ­
deeps.
Tectonic behavior w ithin the area o f the 
w estern states during Paleozoic, M esozoic, and 
Tertiary  time was characterized by extraordi­
nary m obility. A fte r  the initial u p lift in the 
Antler, and later uplifts in the ancestral S i­
erra and Sevier belts, flanking downwarps de­
veloped*' almost immediately. The uplift and
downsinking seem to  be a related pair o f  tec­
tonic events. D uring these events, crustal and 
mantle equilibrium  must have been main­
tained. Crittenden (1963) has shown that the 
crust in western U tah responded alm ost in­
stantaneously to loading and unloading during 
Lake Bonneville time. Such response probably 
was characteristic o f  the Great Basin province 
during preceding and follow ing epochs.
O R O G E N IC  SP EC U LA T IO N S
We are just em erging from  the Dark Ages 
in our study o f  the interior o f  the earth. Mod­
ern seism ology, geochem istry, and geophysics 
have developed alm ost explosively during the 
last decade. The seism ologists, b y  new tech­
niques, have learned much pertinent detail 
about layering in the earth; the geochem ists 
have developed new data on high-pressure 
mineral phases that may exist at depth in 
the lower crust and m antle; and the geophysi­
cists are applying these new data in evolving 
m ore realistic earth models. Now we shall at­
tem pt to  combine ou r geologic model with 
these earth models.
For purposes o f  general discussion, the con­
tinental crust is assumed to  consist o f  two 
parts, an upper sialic part 5 to 30 km thick 
and a low er mafic part 12 to  40 km thick. The 
surface expression o f  the sialic part is mostly 
sedimentary, m etam orphic, and igneous rocks, 
and that o f the m afic lower part largely of 
basalt, gabbro, or their  m etam orphic equiva­
lents. The upper part o f  the mantle is m ostly 
peridotite or dunite that contains about 25 per­
cent o f  basaltic fra ction  (Clark and R ing- 
wood, 1964). The upper mantle is generally 
in the zone o f  potential m elting. W hen the 
tem perature rises or  pressure is released, the 
basaltic fraction  m ay be liquefied and trans­
ferred  from  one part o f  the mantle to another, 
or can m ove upward into the crust or  onto the 
surface.
Ferm or (1914), Kennedy (1959 ), and Noble' 
(1961) postulated that the boundary between 
the crust and mantle m ight be a phase change; 
fo r  example, basalt and gabbro (sp. gr. 2.9) 
and eclogite (sp. gr. 3.5) are sim ilar chem i­
cally. T he basalt or gabbro phase could exist 
in the crust and eclogite at the M ohorovicic 
boundary in the m antle or below. MacDonald
(1963) and others, in  the 1950’s, experim ented 
w ith h igh  pressure and tem perature mineral 
phases and concluded that the geochem ical 
data m ight perm it change from  basalt to  eclo­
g ite  at the boundary; Clark and Ringw ood
(1964) have suggested that the principal phase 
changes are deeper, m ainly within the man-
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Fig. 9. Crustal model according to Clark and Ringwood 
(1964). Ampholite = olivine -|- amphibole; Pyroxene 
pyrolite =  olivine +  aluminous pyroxene(s) ±  
spinel; Garnet psnrolite = olivine +  Al-poor py- 
roxene(s) +  pyrope-rich garnet; M = MohoroviCid 
discontinuity; P.C. = Precambrian.
tie. Their interpretation, w hich is reproduced 
in F igure 9, im plies that phase changes w ithin 
the mantle m ay significantly alter the volume 
o f  a colum n o f  the m antle and thus provide a 
driving m echanism  fo r  tecton ic adjustm ent. 
T h is m echanism  m ay be influenced by  surface 
events, such as loading the sensitive boundary 
zone between oceanic and continental crust. 
M ore recently R ingw ood and Green (1966) 
have determ ined that the eclogite-gabbro 
transition  m ay take place in  the low er crust 
as well as in the mantle.
M acDonald (1963 ) has evaluated this m ech­
anism  m athem atically. H e points out that the 
initial effect o f  sedim entation in a geosyncline 
is to  increase pressure in the low er crust and 
mantle and thus fa v o r  form ation  o f  denser 
m ineral phases. This reaction will result in a 
decrease in volum e and will at first accentuate 
subsidence. Later, therm al blanketing w ill lead 
to  increased tem perature w hich  w ill ultim ately 
exceed the pressure effect and cause form ation  
o f  ligh ter m ineral phases. This w ill bring 
about expansion in the m antle and consequent 
u p lift o f  the crustal-m antle colum n. M acD on­
ald calculated that the tim e required to  ap­
proach equilibrium  would be years or
m ore. T h is m eans that a significant tim e lag 
m ay intervene betw een in itial subsidence and 
beg inn ing o f  up lift.
P reviously  I have described a series o f  illus­
trations w ith emphasis on events tak ing place 
on the surface. N ow , let us consider how  the 
subsurface events m ight fit into this picture. 
D urin g  recent years P akiser and Zietz (1965) 
and other geophysicists have made significant 
contributions to ou r understanding o f  layer­
ing in the crust and upper mantle. T hey have 
prepared an illustration (F ig . 10) show ing 
crustal thicknesses in the U nited S tates: the 
H igh  Plains and eastern Rockies now have a 
crust about 30 m iles (50 km ) thick, the Colo­
rado Plateau and northern Rockies about 24 
m iles (40 k m ). Great Basin about 18 m iles (30 
k m ), the S ierra Nevada 24 to 33 m iles (40 to  
55 k m ), and the G reat Valley and w est coast 
about 20 m iles (32  k m ). Pakiser and Robinson 
(1966 ) noted that the average thickness o f  the 
crust in the eastern U nited States is 26 m iles 
(44 km ) and in the w estern United States, 20 
m iles (34 k m ). In  general, w ith in the prov­
inces, there is good  agreem ent between the 
thickness o f  the crust and the a ltitude; the 
h igher the altitude, the th icker the crust, in ­
d icating that the provinces are in isostatic 
balance. The Great Basin stands h igher topo­
graphically than the G reat Plains, however, 
ind icating that com pensation extends in to the 
upper mantle.
The evolution o f  the crust and m antle 
through  tim e was related to the evolution o f  
the topography. D uring Cam brian to Devonian 
tim e (F ig . 6 ) ,  the crust and adjacent areas 
in  the eugeosynclinal zone were downwarped 
under a th ick  sedim entary load. B y M iddle 
D evonian (F ig . 6 B ),  expansion in the low er 
crust and m antle caused the form ation  o f  an 
orogen ic belt (A n t le r ) . B y  Late Devonian tim e, 
the A ntler belt was about 100 miles w ide and 
locally may have reached altitudes o f  10,000 
feet. In M ississippian and E arly Pennsylva­
nian time, the orogen ic belt was subjected to 
v igorous erosion.
D ebris eroded from  the A ntler belt was de­
posited in the flanking troughs w hich appa­
rently developed concurrently  w ith  uplift. Sed­
im entation in  the troughs at first accentuated 
in itial subsidence. In  tim e, sedim entary blan­
keting resulted in th ickening o f  the crust 
under these troughs, w ith  consequent uplift. 
Continuation o f  these processes ultim ately re ­
sulted in form ation  o f  the subsidiary N evadan 
and Sevier orogen ic belts (F ig s . 7A, B ) .  L ar­
ger igneous bodies were form ed  in the N eva­
dan belt than in the Sevier. The reason fo r  
this is not clear, bu t it m ay be related to the 
form ation  o f  the N evadan belt on oceanic crust 
and the Sevier on continental crust (F ig . 7 B ).
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B y early T ertiary  tim e, the Nevadan and 
Sevier orogenic belts w ere eroded to com para­
tively low levels, and isostatic readjustm ent in 
the broad belt extending from  the Pacific to 
the H igh  P lains w as underway (F ig s . 7C, D ) .  
The areas in  w hich great sections o f  sediments 
were deposited, such as the R ocky M ountains 
and Colorado Plateau, began to  rise because 
of blanketing and consequent thickening o f  
the crust and, by late T ertiary  or early Qua­
ternary tim e, had reached nearly their pres­
ent altitude.
M eanwhile, the area between the Sierra N e­
vada and R ocky M ountains began to break up 
and form  basin  and range structure. The pre­
cise nature o f  the breakup is still obscure, but 
it seems to be  a stage in w elding the rocks o f  
the Cordilleran geosyncline to the craton. Th is 
was a com plex process that involved funda­
mental changes in the crust and mantle and 
included the form ation  o f  a layer o f  anomalous 
mantle together w ith  several episodes o f m ag­
matic activity . The high heat flow  in the Great 
Basin (Cook, 1962; Thom pson, 1966) is one 
index o f th is  m agm atism . The association o f  
volcanism w ith  basin and range structure is 
another index.
Other fa ctors  m ay have aided development 
o f basin and range structure. Clark and R in g- 
wood (1964) have noted that the mantle below  
the Precam brian shield is  about 200°C cooler 
than that under the ocean s; continental areas 
between the shield and the ocean, such as the 
area o f  the Cordilleran geosyncline, are inter­
mediate in tem perature. The “ mean viscosity”  
and strength  o f  the upper mantle are exponen­
tially dependent upon tem perature and “ . . . 
will be fa r  h igher beneath shields— probably 
by orders o f  m agnitude— than under oceans”  
(Clark and R ingw ood, 1964, p. 8 1 ). This state­
ment im plies that the m antle under the g eo ­
syncline is also weaker than under the shield 
(craton) in eastern U tah ; this, together w ith  
thinning of the crust during M esozoic erosion, 
may help to explain the breakup o f  the Great 
Basin.
The pattern of breakup differed from  place 
to place, depending upon the local structural 
fram ework. In  northw estern Nevada, the val­
leys are broad  and are m ostly covered w ith  
volcanic rocks. In north-central and northeast­
ern Nevada, the A ntler fram ew ork  is p re ­
served in the closely spaced ranges underlain 
by Paleozoic and M esozoic rocks that trend 
north-northeastw ard. In western Utah, the 
ranges are narrow  and valleys extrem ely 
broad ; this area coincides w ith  the eastern 
fiank o f  the Sevier orogen ic belt and with the
succeeding “ Laram ide”  belt. Volcanic rocks 
are sparse, and the ranges are m ostly com­
posed o f  late Paleozoic rocks.
INFERRED  O R O G E N IC  M O D E L
A ssum ing an initial equilibrium  along a 
continental m argin, deposition o f  8 to 10 miles 
o f  sedim ent in deep water on the continental 
slope over a period o f  250 to 300 m illion years 
will disturb equilibrium  in the underlying 
lower crust and mantle. The initial effect o f 
loading is to cause dow nsinking o f  the conti­
nental m argin, but ultim ately a tim e w ill be 
reached when w arm ing o f  the low er crust and 
upper mantle by  sedim entary blanketing will 
result in : 1) liquefaction o f  a low-m elting 
fraction  and 2) consequent change o f  denser 
to less dense m ineral phases in  the lower crust 
and upper mantle, w ith  consequent expansion 
and uplift. As u p lift continues, the low-m elt­
ing fra ction  m ay m ove laterally and upward 
into the lower part o f  the crust in the zone o f 
orogeny and, together w ith phase changes in 
this zone, form  a “ root” . T h is prim ary oro­
genic belt may be accom panied by tw o subsid­
iary flanking foredeeps in w hich  sedimenta­
tion m ay take place and in w hich secondary 
orogenic belts m ay form . The subsidiary oro­
genic belt on the oceanic side may becom e the 
site o f  m ajor batholiths, such as the Sierra 
N evada; the subsidiary belt on the continental 
side may becom e the site o f stocklike intrusive 
bodies.
The tim e interval between orogenic episodes 
seems to shorten as tim e goes on. The first 
orogenic phase in the Cordilleran geosyncline 
took place a fter 250 to 300 m.y. o f  sedimen­
tation, the second at about 150 m.y., the third 
at about 90 m .y., and the fou rth  at 60 m.y. 
D uring the last 60 m.y., the w estern United 
States has experienced m any m inor distur­
bances. F rom  this model, it m ay be inferred 
that the fundam ental cause o f  orogeny along 
a continental m argin is sedim entation. N o at­
tem pt has been made to  apply this model else­
where, but it m ay be applicable to other con­
tinental m argins.
C O N C L U S IO N S
The m echanism s listed in the introduction 
o f  this report to  explain the orig in  o f  basin 
and range structure w ill be review ed briefly. 
They include: 1 ) mechanism s related to com ­
pressional stress follow ed b y  extension, 2 ) to 
collapse pf the crust due to volcanic activity,
3 ) to regional extension due to convection, 
and 4) to strike-slip fau lting.
(1 )  Com pressional stress apparently did not
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precede extension. The M esozoic and early 
T ertiary  tectonics o f  the Sevier and Laram ide 
orogenic belts were characterized by  vertical 
epeirogenic uplift rather than by uplift due to 
com pressional forces. Com pressional effects 
are noted locally in g lide plates that m oved 
out from  the uplifted orogenic belts, but these 
effects are prim arily due to gravity.
(2 )  Volcanic rocks are widespread through­
out the Great Basin province, but it seems 
likely that the volcanic activity was the re­
sult o f  rather than the cause o f  basin and 
range structure. The early stages o f  basin 
and range structure w ere nearly free  o f vol­
canic rocks, and the principal volcanism  fo l­
low ed late in the basin and range cycle when 
crustal collapse was well underway. A t this 
later stage, m agm atism  and volcanism  may 
have aided crustal collapse.
(3 )  Convection currents may operate w ithin 
the earth but also seem to be a consequence 
o f  deform ation rather than a cause. Movement 
o f  basaltic m aterial from  downsinking troughs 
into an adjacent risin g  welt seems required 
and is called upon in m y orogenic model. H ow ­
ever, the tran sfer  o f  enormous amounts o f 
subcrustal m aterial required to l i f t  the Colo­
rado Plateau and R ocky M ountains and cause 
collapse in the Great Basin is not consistent 
w ith  the h istory  o f the Cordilleran geosyn­
cline; M oreover, M acDonald (1963, p. 588) has 
stated that the continental structure requires 
a vertical segregation  o f  material. This would 
seem to render large-scale subcrustal transfer 
unlikely.
Thom pson’s suggestion  (1960a, b, 1966) 
that basin and range structure m ay be re­
lated to convection on a local scale, in connec­
tion  with expansion in  the low er crust, has 
m erit. His model o f  basin and range structure 
(F ig . 4) shows only a single graben and
flanking horsts, but it  may fit nicely into the 
larger regional m odel suggested in this paper.
(4 ) Strike-slip fau lting is a significant part 
o f  the basin and range structure in  many 
areas. P. B. K ing (1959, p. 157-158) suggests 
that tension indicated by norm al fau ltin g  may 
be a com ponent o f  “ . . . prevasive crustal 
com pression— set up, fo r  example, by wrench­
ing and sh ifting  o f  large blocks o f  the crust 
during later phases o f  the development o f  the 
Cordillera” . This m ay well be true, but crustal 
com pression by  itse lf is not a m echanism  but 
a response to a driv ing mechanism, and we 
must look elsewhere fo r  the forces  that cause 
com pression.
In considering basin and range structure, I 
prefer to  first set up a series o f  geo log ic  mod­
els related directly to  the h istory o f  the west­
ern continental border. These models include 
the Cordilleran geosyncline from  its inception 
in Cambrian tim e through succeeding orogenic 
and depositional episodes that ended in the 
Quaternary. In itia l orogeny along the conti­
nental border is related to  sedim entation in 
the eugeosynclinal zone o f  the Cordilleran 
orthogeosyncline that caused fundam ental 
changes in m ineral phases w ithin the lower 
crust and mantle. These changes ultimately 
resulted in expansion in the crust-m antle col­
umn and form ation  o f  the A ntler and Sonoma 
and succeeding Nevadan and Sevier orogenic 
belts. Subsequent thinning o f  the crust during 
erosion in late M esozoic and early Tertiary 
and subcrustal expansion during late Tertiary 
and Quaternary, together w ith related mag­
matism, caused distension and crustal collapse 
in the Great Basin. The development o f  basin 
and range structure, therefore, represents a 
clim actic phase in the tectonic evolution o f  the 
western continental border.
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ABSTRACT
The Sierra Nevada is a huge block of the earth’s crust that has broken free on the east and has been 
tilted westward. It is composed chiefly of Mesozoic granitic rocks and Paleozoic and Mesozoic metamor­
phosed sedimentary and volcanic roclra. The granitic rocks constitute the Sierra Nevada batholith, which 
is part of a more or less continuous belt of plutonic rocks that extends northward from Baja California 
through the Sierra Nevada at a small angle to the axis of the range and into western Nevada. The batho­
lith is localized in the axial region of a complexly faulted ssmclinorium. It is composed chiefly of rocks 
that range in composition f j:om quartz diorite to alaskite but includes scattered smaller and darker masses 
of mafic igneous rock and remnants of metamorphic rocks. The granitic rocks are in discrete plutons 
that range in outcrop area from less than a square mile to 500 square miles or more. Isotopic dates indi­
cate three widely separated episodes of magmatism at 183 to 210 m.y. ago, 124 to 136 m.y. ago, and 80 to 
90 m.y. ago. Other magmatic episodes doubtless have occurred.
During and following the emplacement of the granitic rocks, the Sierra Nevada region was uplifted 
and eroded to great depths. Following a period of virtual standstill during most of the Eocene and the 
Oligocene, the range began to tilt westward, and during the Pliocene the east side was uplifted by tilting 
to its present great height. Faulting along the east side of the range generally lagged behind westward 
tilting. As a result of uplift, the rivers that drain the west slope were deeply incised. During the Pleisto­
cene, the range was repeatedly glaciated. Glaciers sharpened ridges and peaks and widened and deepened 
stream valleys, producing much of the spectacular scenery of the range.
The root beneath the high Sierra Nevada extends to a depth of more than 50 km and probably 
originated during the Mesozoic when the synclinorium was formed and the granitic rocks emplaced. 
Granitic magmas are pictured to have formed repeatedly during the Mesozoic as a result of depression and 
thickening of the relatively fusible and radioactive upper crust.
INTRODUCT ION
The Sierra Nevada is a lofty and beautiful 
mountain range in eastern California. It is 60 
to 80 miles wide, and it extends fo r  400 miles, 
from  the Mojave Desert on the south to the 
Cascade Range on the north (F ig . 1 ). The 
range is assymetric. It has a long gentle wes­
tern slope and a high steep eastern escarp­
ment. The highest peaks are along the eastern 
edge. Mount Whitney, in the southern part 
o f  the range, attains a height o f  14,495 feet. 
The “ High Sierra” , a spectacular span of the 
crestal region that extends north from  Mount 
Whitney for  about a hundred miles into Y o- 
semite National Park, is a glaciated region 
characterized by numerous lakes and a pro­
cession of magnificent 13,000- and 14,000-foot 
peaks.
The Sierra Nevada is an obvious physio­
graphic barrier and is well known as a cli­
matic barrier. Polar-front cyclones sweep in 
from  the Pacific, expand adiabatically as they 
pass over the range, and are cooled to well 
below their dewpoint, causing heavy precipita­
tion. Eastward, the descending air is warmed 
adiabatically and can hold more moisture than 
it contains. Hence the Great Basin on the east 
is arid.
But the Sierra Nevada is more than a physi­
cal and climatic barrier; until recently it has 
been a remarkably effective barrier to geologic 
thought. Its towering eastern escarpment has 
been a boundary for  thinking about problems 
in the Great Basin; and geologists working 
along the Pacific slope, even in the foothills o f 
the Sierra Nevada itself, have seldom looked 
ejastward for  correlations. The early literature 
of the Sierra Nevada is replete with the names 
of geologic “ greats”  who were lured into at­
tacking some o f  its vexing problems— names 
such as J. D. Whitney, Clarence King, Joseph 
LeCbnte, A . C. “ Andy”  Lawson, Adolph Knopf, 
Waldemar Lindgren, F. L. Ransome, W. H. 
Turner, and Francois Matthes. But in spite o f 
the attentions o f  these able geologists, we are 
still only on the threshold of understanding 
the unique role the Sierra Nevada has played 
in the geologic history o f  the West. It is be­
coming evident, however, that the Sierra Ne­
vada should be thought o f  not as a barrier 
but as a connecting link.
The relation of the Sierra Nevada to the 
provinces on both sides during the Cenozoic 
is obvious. On the one hand, it is a tilted fault 
block, differing from  many Nevada ranges 
only in its greater size, and that is part o f the
♦Chief, Branch of Field Geochemistry and Petrology, U.S. Geological Survey, Menlo Park, California. Publication authorized by the 
Director, U.S. Geological Survey.
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Fig. 1. Geologic map of the Sierra Nevada.
general problem o f B asin  and Range structure. 
On the other hand, it  slopes westward beneath 
the Great Valley o f  California, and the Ceno­
zoic sedim entary rocks there have been de­
posited and deform ed on its downslope contin­
uation. The secrets o f its M esozoic and Paleo­
zoic h istory are locked in its gran itic and m et­
am orphosed sedim entary and volcanic rocks. 
These rocks do not give up their story  easily, 
and it  is only recently that enough w ork has
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been done to decipher its broad outline. I will 
emphasize the pre-Cenozoic structures and 
events, because most o f  m y w ork and that o f 
m y colleagues w ith  the U.S. Geological Survey 
has been on the bedrock geology and because 
it is in this area that the m ost significant re­
cent advances have been made (Batem an and 
others, 1963). During the last 20 years, the
U.S. (Geological Survey has concentrated its 
efforts between the 37th and 38th parallels, and 
m ost of' what I have to  say pertains specifi­
cally to that belt, but studies made elsewhere 
in the Sierra Nevada make me confident that 
this belt is representative o f  the range as a 
whole.
G EN ER A L  G E O L O G IC  R ELAT IO N S
The Sierra Nevada is a huge block o f  the 
earth ’s crust, composed o f  plutonic and meta­
m orphic rocks o f  Paleozoic and M esozoic age, 
that has broken free on the east along the 
Sierra Nevada fault system  and has been 
tilted westward. It is overlapped on the west 
b y  Upper Cretaceous and Cenozoic sedimen­
tary  rocks o f  the Great Valley and on the 
north by Cenozoic volcanic sheets extending 
south from  t h e . Cascade Range. A  blanket o f  
volcanic m aterial caps large areas in the 
northern part o f  the range. M ost o f  the south­
ern half o f  the Sierra Nevada and the eastern 
part o f the northern half are com posed o f  plu­
ton ic (chiefly gran itic) rocks o f  M esozoic age. 
These rocks constitute the S ierra Nevada 
batholith, w hich is part o f  a m ore or less con­
tinuous belt o f  plutonic rocks that extends 
from  Baja, California, northw ard through the 
Peninsular Ranges and the M ojave Desert, 
through the Sierra Nevada at an acute angle 
to  the range, and into western Nevada. It  may 
continue at depth beneath the volcanic rocks 
o f  the Snake River Plains and connect w ith 
the Idaho batholith.
The Sierra Nevada batholith was emplaced 
into strongly deform ed but weakly m etam or­
phosed sedim entary and volcanic rocks o f  P a­
leozoic and early M esozoic age, which can be 
referred  to as the “ fram ew ork”  rocks. In the 
northern h a lf o f  the range, the batholith is 
flanked on the west b y  the western m etam or­
phic belt, w hich is the site o f  the fam ed 
M other Lode. Farther south, scattered rem ­
nants o f  m etam orphic rock are found w ithin 
the batholith, especially in  the western fo o t ­
hills and along the crest in the east-central 
Sierra Nevada. The batholith extends east­
ward to the east edge o f  the range, but in the 
southern h a lf one can look eastward across 
Owens Valley to the wall rocks on the east side
o f  the batholith w hich here constitute the 
W hite and Inyo Mountains. The region  in 
which the U.S. Gelogical Survey has concen­
trated its m ost recent studies is  well situated 
fo r  com paring and relating the rocks and 
structures on the tw o sides o f  the batholith, 
because the southern end o f  the western meta­
m orphic belt and the northern end o f the area 
o f  good exposures on the east side o f the bath­
olith overlap here (F ig . 2 ) .
THE F R A M E W O R K  R O C K S
The Paleozoic rocks are m iogeosynclinal in 
the east and eugeosynclinal in  the western 
m etam orphic belt. In the southern Inyo Moun­
tains, limestone, dolomite, quartzite, and shale 
are common. The strata generally coarsen 
northward, and in the M am oth Lakes region 
the Ordovician rocks include abundant chert 
and slate. The Paleozoic rocks o f  the western 
m etam orphic belt are typically eugeosynclinal.
The M esozoic rocks are eugeosynclinal on 
both sides o f  the batholith. T h eir eastern lim it 
follow s approxim ately the east edge o f  the 
batholith. M ost o f  them are either volcanic or 
sedim entary rocks derived from  volcanic 
rocks; graded beds, some several fe e t  thick, 
are common.
The belt o f  m etam orphic rem nants that ex­
tends south from  the w estern m etam orphic 
belt contains schist, conspicuously crossbedded 
quartzite, marble, and locally a little tuff. T r i­
assic fossils have been reported from  the M in­
eral K ing pendant (Durrell, 1940, p. 17; Chris­
tensen, 1963, p. 163-164), and P entaerinus 
^p., reported to be  o f  T riassic or Jurassic age, 
has been collected along the K ings R iver 
(M oore and Dodge, 1962). These rocks are un­
like rocks o f  known Jurassic age in the Sierra 
Nevada but m ay be Triassic. However, they 
resemble Paleozoic rocks o f  some o f  the roof 
pendants o f  the eastern S ierra  Nevada, and 
it is possible that only the m ore easterly strata 
are Triassic, and that the m ore westerly strata 
may be Paleozoic. I f  so, a Paleozoic facies 
change must take place along a line that 
crosses the S ierra southward from  near 
Bishop to near Fresno. This line m ay, in fact, 
m ark the southwestward continuation o f  the 
m id-Paleozoic A ntler orogen ic belt o f  Ne­
vada, which Ralph Roberts has described.
Typically, the fram ew ork rocks are tightly 
folded, and m any o f  those that have not been 
h orn f elsed by the granitic m agmas are cleaved. 
Steeply dipping structures— ^beds, cleavage, 
fo ld  axes, and lineations— are common. East 
o f  the Sierra Nevada, folds are generally open 
and rarely overturned, whereas, w ithin the
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124 Paul C. Bateman
Fig. 2. Geologic map across the central Sierra Nevada showing the distribution of the plutonic and metamorphic 
rocks.
Sierra Nevada the strata characteristically 
stand on edge. Steep m inor f o ld s , and other 
lineations indicate repeated epochs o f  fo ld ing 
in many places. The transition from  the gen­
tler dipping structures o f  the Great Basin to 
the steeper dipping structures o f  the Sierra 
Nevada takes place along a narrow  zone that 
coincides approxim ately w ith the east side o f  
the batholith.
The m ajor structure in  the m etam orphic 
rocks o f  the central Sierra Nevada is believed 
to be a complexly faulted  synclinorium . This 
synclinorium  is not readily apparent in the 
patterns o f  geologic maps, chiefly because only 
fragm ents o f  the fram ew ork  rocks remain and 
because strike faults o f large displacement in­
terrupt the sequence o f strata in the western 
m etam orphic belt. On the east side o f  the 
batholith is an outer discontinuous belt o f  
Precam brian outcrops which extend from  the 
W hite Mountains southeastward to Death V al­
ley, a middle belt o f  Paleozoic strata in the 
W hite and Inyo M ountains and in ro o f  pen­
dants in the eastern Sierra Nevada, and an
inner belt o f  Triassic ( ? )  and Jurassic strata 
entirely w ithin the S ierra Nevada. In the 
M ount M orrison pendant are m ore than 30,000 
feet o f  Paleozoic sedim entary strata standing 
on edge, w ith  tops predom inantly to the west 
(R inehart and Ross, 1964, p. 1 ) .  Fossiliferous 
Ordovician strata lie along the east side, and 
Pennsylvanian and Perm ian strata lie along 
the west side. In the adjacent R itter Range 
pendant are another 30,000 feet or sp o f vol­
canic and volcanic-derived strata o f  M esozoic 
age, also on edge and w ith  tops to the west, 
although a few  large fo lds  are  present on the 
west side o f  the pendant (H uber and Rinehart, 
1965; Peck, 1964).
On the w est side o f  the batholith, bedding 
tops are predom inantly to the east, but older 
strata have been brought east o f  younger 
strata along tw o strike fau lts o f  large dis­
placement. A ccording to  Lorin  Clark (1964 ), 
who has studied the stratigraphy and struc­
ture o f  the western m etam orphic belt m ost re­
cently, the strata in the middle and more 
westerly o f  the three blocks are Upper Juras­
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sic, and most o f  the strata in the more east­
erly  block are Paleozoic, probably upper Pale­
ozoic in the area shown in F igure 2. The 
Paleozoic strata are assigned to the Calaveras 
Form ation.
Unconform ities w ithin and between the 
Paleozoic and M esozoic units indicate repeated 
movement since middle Paleozoic time. The 
geom etry o f the structures o f  the fram ework 
rocks also indicates repeated deform ations. 
M inor folds with steeply dipping axes are 
common and represent either refolding o f 
earlier folds with subhorizontal axes or  else 
folds that were form ed in strata that had been 
previously so folded as to have steep dips. 
Some terranes contain tw o or more axial 
surfaces o f systematically different orienta­
tions.
The Sierra Nevada lies w ithin the Cordil­
leran m obile belt, and its rocks reflect part o f  
the deform ation that has taken place there 
since m id-Paleozoic time. Probably the faulted 
synclinorium  began to take form  in Permian 
or  Triassic time, and interm ittent distur­
bances occurred through the Jurassic. The 
very severe disturbance that took  place near 
the close o f  the Jurassic and caused the prin­
cipal folds in  the Upper Jurassic strata o f  the 
western m etamorphic belt is referred  to as 
the Nevadan orogeny, but both earlier and 
later disturbances are known to have occurred. 
U nconform ities in the Taylorsville region at 
the north end o f the western metamorphic belt 
indicate disturbances between the Silurian 
and M ississippian and at the end o f  the Perm ­
ian, Triassic, and Jurassic (McM ath, 1966). 
In the eastern and central parts o f  the range, 
folds o f  two periods o f deform ation antedate 
a third set that appears to have been form ed 
during the Late Jurassic Nevadan orogeny. In 
the western metamorphic belt, Clark (1964, 
p. 56-57) has recognized a stage o f deform a­
tion that probably occurred a fter the principal 
folding o f  the Upper Jurassic strata in the 
Nevadan orogeny. This deform ation is char­
acterized b y  the development o f  slip cleavage, 
steeply dipping m inor folds, and steeply dip­
ping lineations. Clark believes the large faults 
in the western metam orphic belt form ed dur­
ing this deform ation, probably by strike-slip 
movement. The presence o f  ultramaflc rocks, 
especially serpentine, along these faults sug­
gests deep penetration, possibly penetration 
into the upper mantle.
The stratified rocks were everywhere de­
form ed before  the adjacent plutonic rocks were 
emplaced, but some plutons were later de­
form ed during later deform ations, indicating
overlap o f  the tim e o f  regional deform ation 
with that o f  magma emplacement.
THE BATHOLITH
The batholith is composed chiefly o f  quartz­
bearing granitic rocks ranging in composition 
from  quartz diorite to alaskite but includes 
scattered smaller masses o f  darker and older 
plutonic rocks and remnants o f  metamorphic 
rocks. Rocks in the com positional range o f 
quartz monzonite and granodiorite predomin­
ate and are about equally abundant. In gen­
eral, the plutonic rocks in the western part 
o f the batholith are more mafic than those in 
the eastern part.
The granitic rocks are in discrete masses 
or plutons, which generally are in sharp con­
tact with one another or are separated by 
thin septa o f  metam orphic or mafic igneous 
rocks. Individual plutons vary greatly in size; 
their outcrop areas range from  less than a 
square mile to more than 500 square miles. 
The limits o f  m any o f  the large plutons have 
not yet been delineated. On the whole, the 
batholith appears to consist o f  a few  large 
plutons and a great many small ones which 
are grouped between the Jarge plutons. All o f  
the large plutons, and some o f  the small ones, 
are elongate in a northwesterly direction, par­
allel with the long direction o f  the batholith, 
but many other small plutons are elongate in 
other directions or are rounded or irregularly 
shaped. The rocks in different plutons gen­
erally can be distinguished by their appear­
ance. A lthough chemical and petrographic 
studies are very helpful, the different plutons 
are identified and their boundaries are mapped 
in the field. W here plutons meet, it  is usually 
possible to determine which one is older by 
means o f  inclusions, dikes, truncated struc­
tures, and the like. However, some intrusions 
meet along plane surfaces that parallel the 
internal structures o f  both. Relative ages can­
not be determ ined from  these frustrating con­
tacts.
The m ajor plutons in the western part o f  
the batholith are generally older than those 
along the crest o f  the range, and in the Y o- 
semite region Calkins (1930) has mapped two 
series o f  gran itic form ations in which the 
plutons are successively younger toward the 
east. Nevertheless, the pattern o f  intrusion is 
m ore com plicated than a simple west-to-east 
sequence o f  emplacement.
Isotopic dates o f  plutons in the central 
Sierra Nevada indicate three widely separated 
epochs o f  plutonism  at 183 m.y. and probably 
no more than 210 m.y. (L ate Triassic or Early
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Ju rassic), 124 to 136 m.y. (Late Jurassic), 
and 80 to 90 m.y. (early Late Cretaceous) 
(K istler and others, 1965). In addition, one 
large plutonic form ation  in the western half 
o f  the batholith (granodiorite  o f  “ Dinkey 
Creek”  type) is at least 115 m.y. but m ay not 
be as old as Late Jurassic. The ages o f  many 
mapped plutons have not been established in 
term s o f  m eaningful isotopic dates, and some 
plutons may have been emplaced in  epochs o f  
m agm atism  that have not yet been recognized. 
A lthough it is possible that the isotopic dates 
are simply points along a period o f  continuous 
magmatism, it is difficult to conceive o f  a par­
ent magma continuing to exist fo r  more than 
100 m.y. It seems m ore likely that magma was 
generated at intervals within this time span.
The isotopic dates, together w ith  intrusive 
relations observed in  the field, indicate that 
plutons o f  similar ages are distributed not 
haphazardly but in geographic belts. The plu­
tons o f  Late T riassic or E arly Jurassic age 
lie along the east side of the batholith, and 
they may be closely related to isolated plutons 
o f  about the same age  span farther east and 
southeast in the Inyo and A rgus Mountains 
(Ross, 1965, p. 0 4 6 -0 4 8 ; Hall and MacKevett, 
1962, p. 30-31). Plutons o f known Late Juras­
sic age in the central Sierra Nevada are con­
fined to the western m etam orphic belt, but it 
is likely that some plutons in  the west side o f 
the batholith are also of that age. The Late 
Cretaceous plutons constitute a belt which 
averages about 25 m iles in w idth and extends 
along and just west o f  the S ierra crest. This 
belt is interrupted south o f  Yosem ite by a 
cross septum o f  m etam orphic and pre-Late 
Cretaceous plutonic rocks that provides a 
w indow into an earlier period in the develop­
ment o f  the batholith.
There is abundant evidence that the gran itic 
plutons rose from  below  as melts, shouldering 
the wall rocks aside and pushing them upward 
(Bateman, 1965, p. 114-118). This includes 
such relations as sharp contacts o f plutons 
w ith  wall rocks and with one another, dikes 
and inclusions along contacts between plutons 
from  which the relative ages o f  the plutons 
can be determined with consistent results, 
finer grain size in apophyses and in the m ar­
gins o f  some plutons, wall-rock geom etry that 
suggests dislocation by the emplacement o f  
plutons, and dilated walls o f  aschistic dikes. 
The plutons are pictured as having moved up­
ward from  a deeper source region, much like 
salt domes, because molten granitic magma 
has a significantly low er density than rock o f  
the same com position. As the plutons rose, the
country rock is believed to  have settled down 
ward around the magma, thus providing room  
fo r  its continued upward m igration. Conceiv­
ably, some plutons may have become entirely 
detached from  their source region and can be 
underlain by country rock, but no field evi­
dence fo r  downward bottom ing o f  plutons has 
been found.
The relative im portance o f  several processes 
in the emplacement o f the plutons has been 
only incompletely evaluated. W all-rock de­
form ation i n d i c a t e s  t h a t  rising magma 
squeezed the wall and ro o f rocks aside and 
upward. Stoping appears to have been im ­
portant locally, but there is little evidence in 
support o f  stoping as the principal m echanism 
o f emplacement. Processes o f  granitization 
and assimilation have operated on a small 
scale where the wall and roo f rocks w ere am­
phibolites or other mafic rock, but these pro­
cesses are o f  possible quantitative im portance 
only in terranes o f  mafic volcanic rocks (B ate­
man, 1965, p. 118-123). M elting and assim ila­
tion o f  politic rocks has not been proved, but 
very likely has taken place and may have been 
o f considerable im portance.
B road chemical and m ineralogical changes 
take place across the batholith. In general, the 
gran itic rocks are m ore mafic toward the west 
and m ore silicic toward the east, but this is a 
gross trend and some silicic plutons occur in 
the western half o f  the range and som e mafic 
plutons are within the eastern half. T h e simple 
explanation that the m ore fe lsic rocks in the 
eastern half o f  the range are differentiates o f  
the m ore mafic rocks in the western h alf does 
not hold fo r  several reasons: 1 ) lengthy tim e 
gaps probably exist between the different age 
grou ps; 2 ) large granodiorite and quartz 
d iorite plutons in the w estern half o f the 
range are accompanied b y  younger and m ore 
fe ls ic  plutons, w hich are older than the large 
granodiorite and quartz monzonite plutons in 
the east side o f  the range; and 3) the limited 
analytic data now  available indicate sys- 
K  Otem atically lower q  ratios in the Jurassic
gran itic rocks o f  the western part o f  the range 
than in either the Upper Triassic or the Lower 
Jurassic or Cretaceous rocks farth er east 
(M oore, 1959).
C E N O Z O IC  H IST O R Y
D uring and follow ing the emplacement o f  
the M esozoic gran itic rocks, the S ierra Nevada 
region  was uplifted and eroded to  great 
depths. Much o f  this erosion took place by the 
tim e the last gran itic rocks were intruded, and
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it was largely completed fo r  much o f the Si­
erra Nevada by the end of early Eocene time 
(55 m.y. a g o ). The time span from  early 
Eocene to late Oligocene (25-30 m.y. ago) was 
one o f virtual standstill (Bateman and W ahr- 
haftig, 1966). It was during this time that 
the gold-bearing gravels accumulated in the 
channels that drained the northern Sierra 
Nevada. The Sierra m ay have been 3,000 to
5,000 feet high near its crest, and mountains 
o f  resistant greenstone in the western foot­
hills were probably 1,500 to 2,000 feet high.
A  period o f  volcanic activity began in the 
northern Sierra Nevada in middle Oligocene 
tim e with the eruption o f  predominantly 
rhyolitic tuffs and ash flows. Rhyolitic erup­
tions continued until late Miocene time, and 
were followed, in late M iocene to late Pliocene 
time, by eruptions of andesitic mudflows. The 
total thickness o f  the rhyolitic rocks is more 
than 400 feet in a few  places. The andesitic 
rocks are much thicker and range from  3,000 
feet along the crest o f  the range to about 500 
feet in the Great Valley west o f  the Sierra 
Nevada. Granitic mountains along the range 
crest and erosion-resistant greenstone ridges 
in the western foothills rose above the vol­
canic plain. Generally no more than 30 to 40 
flows can be identified in a single section, in­
dicating that volcanic eruptions. probably oc­
curred in any one place only a few  times every 
million years. Thus the lavas, tuffs, and mud­
flows do not suggest an environment any more 
cataclysmic, on the average, than exists in the 
Cascade Range today.
The volcanic cover was extensive only in the 
northern Sierra Nevada. South o f  Yosemite, 
scattered volcanic deposits, mostly basalt or 
trachybasalt, were erupted. These have iso­
topic ages that cluster around 9.5 m.y. and 2 
to 4 m.y. (Dalrymple, 1963, 1964).
A t some tim e in the Pliocene, probably in 
middle or late Pliocene, the northern Sierra 
Nevada— and probably the southern Sierra 
Nevada as well— was strongly u p lifted . and 
tilted to the west. Thick clastic deposits in the 
Great Valley suggest that uplift actually be­
gan in the Miocene. In response to the m ajor 
uplift, the rivers on the west slope incised
their canyons to depths o f  2,000 to 4,000 feet 
below the base o f  the Tertiary channels. In 
the northern part o f  the range, the remnants 
of the Tertiary channels are preserved on flat- 
topped interstream ridges. M ost o f the canyon 
cutting appears to have preceded the earliest 
recognizable glaciation on the west slope.
Faulting along the eastern boundary o f  the 
Sierra Nevada probably began about 10 m.y. 
ago or perhaps a little later (Bateman and 
W ahrhaftig, 1966). In the northern Sierra 
Nevada, most o f the faulting appears to have 
been completed by  2 m.y. ago, but in the 
southern part o f the range much o f  it took 
place later. In general, faulting along the east 
side o f  the range probably lagged behind the 
westward tilting o f  the range. In the Owens 
Valley segment, at least, the main faulting 
appears to be much later and may represent 
collapse o f  the Owens Valley block in the crest 
o f a broad arch. The Sierra Nevada consti­
tutes the west flank o f this arch, and the 
desert ranges as far east as Death Valley 
constitute the faulted east flank (F ig . 3 ).
In common with all other alpine and arctic 
regions, the Sierra Nevada was glaciated sev­
eral times during the Pleistocene. The two 
earliest glaciations, the Sherwin and McGee, 
between 2.5 and 0.7 m.y. old, are the oldest 
glaciations stratigraphically related to radio­
metrically dated materials in the world. Four 
to six glaciations have been recognized on the 
east side o f  the Sierra Nevada, the last two 
or three corresponding to the Wisconsin. On 
the west side, direct evidence indicates only 
four glaciations, but indirect evidence in the 
Great Valley indicates fou r m ajor glacial per­
iods, o f  which the W isconsin— corresponding 
to three glaciations— is the last (Bateman and 
W ahrhaftig, 1966). Moraines o f  the two oldest 
glaciations on the east side, the McGee and 
Sherwin, have lost their topographic form . 
These older glaciations seem to have taken 
place before much of the faulting along the 
east side o f the range took place, whereas, the 
well-preserved moraines o f  the younger glacia­
tions (Mono Basin, Tahoe, Tenaya, and Ti­
oga) extend from  the existing canyon mouths 
onto the basin floors.
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Fig. 4. Cross sections illustrating a model for magma generation and emplacement in the Sierra Nevada.
UMR Journal, No. 1 (April 1968)
Geologic Structure and History of the Sierra N evada 129
The glaciations ended about 9,500 years 
ago, and the post-glacial climate has been 
marked by a period o f  relative warmth, fo l­
lowed by a period in the last 2,000 to 3,000 
years during which the climate cooled enough 
to  allow fo r  the form ation o f  small glaciers 
at the base o f  north- or northeast-facing cir­
que walls.
CRUSTAL STRUCTURE
Interest in the crustal structure beneath 
the Sierra Nevada began in 1936 when Lawson 
published a paper titled:. “ The Sierra Nevada 
in  the Light o f  Isostasy” . In a comment on 
Lawson’s paper, Byerly (1938) inferred a 
root beneath the Sierra Nevada from  delay 
in  the arrival time at stations east o f  the 
range in response to  earthquake waves that 
originated west and northwest o f  the range. 
Eaton (1963) has made seism ic refraction 
measurements across the northern part o f  the 
range that indicate this root m ay extend to a 
depth o f  about 45 km  near Lake Tahoe, and 
Eaton and Healy (1963) have made similar 
measurements across the high central part 
that indicate the root there extends to depths 
o f  at least 50 kni. The bottom  cross section o f  
F igure 4 is. drawn to fit the specifications o f 
Eaton and Healy, which are that the crust 
beneath the high central Sierra Nevada is at 
least 50 km thick, about tw ice as thick as the 
crust west o f  the range and 15 to 20 km 
thicker than the crust beneath the Basin and 
Range province to the east. The section is a 
composite. The western part is drawn across 
Yosemite, and the eastern part is a few  miles 
farther south across Owens Valley. It is bet­
ter thought o f  as a model than as a geologic 
cross section. The thickness o f  the basalt 
layer east o f  the Sierra root zone is taken to 
be about 7 km, in accordance w ith  the results 
o f  seismic work farther north near Fallon, 
Nevada, (Eaton, 1963, p. 5803). W ithin the 
root, the basalt layer is shown to  be thickened 
by the addition o f refractory substances le ft 
behind when the gran itic magmas rose to 
higher levels.
The localization o f  the batholith in the axial 
region o f a synclinorium o f great size and 
depth compels serious consideration o f the 
hypothesis that the granitic magmas were 
generated by  the m elting o f sialic rocks o f  
the upper crust as a result o f  their being de­
pressed into deeper regions o f  high tempera­
ture: The upper three sections o f F igure 4 
illustrate a possible mode o f  form ation o f the 
existing crustal structure follow ing this hy­
pothesis.
Experimental studies show that at atmo­
spheric pressure sialic rocks begin to melt 
fractionally at 960 °C, but that an increase in 
water-vapor pressure causes the melting tem­
perature to drop spectacularly (Tuttle and 
Bowen, 1958). A t pressures o f  about 1 kilobar 
and in the presence o f  enough water to satu­
rate any amount o f  magma that may be 
generated, melting begins at temperatures 
between 600° and 700 °C, the temperature 
varying inversely with the pressure. I f  cer­
tain other substances, such as fluorine or 
chlorine, are present, the temperature at 
which melting begins is lowered further. The 
first melt is composed chiefly o f  normative 
quartz, orthoclase, and albite, in proportions 
that are different at different pressures o f 
water vapor; this melt probably is saturated 
or nearly saturated with water. To form  more 
calcic magma, m ore o f  the source rock must 
be melted, which requires higher tempera­
tures. Because the amount o f  water soluble in 
magma may be quite high— about 17 percent 
by weight at 10 kilobars— and because the 
source rock is unlikely to contain more than 
a few  percent o f  water at most, probably only 
the first melts to form  and the highly fra c­
tionated last ones to crystallize are likely to 
be water saturated. Probably m ost granitic 
magmas contain only about 2 percent o f water. 
A  temperature o f  more than 1,000 °C would 
be required to produce a melt o f  granodiorite 
or quartz diorite com position with normative 
plagioclase o f  about An^^ com position and 2 
percent water. However, it is not likely that a 
parent m agm a was ever a complete melt, fo r  
rarely does the An content o f  plagioclase 
crystals exceed 50 percent, even in the least 
differentiated o f  the granitic rocks. Plagioclase 
o f AUj-o com position would crystallize from  
melt containing normative plagioclase o f  An^ ;^ 
composition. Such a melt, assuming only 2 
percent o f  water, could be generated at a tem­
perature o f  about 900 °C.
The depth at which sialic rocks can be ex­
pected to melt to granitic magma is difficult to 
evaluate because our present knowledge o f  the 
generation and distribution o f  heat in the 
earth is still in a prim itive state. In stable 
parts o f the crust where all the heat is carried 
to the surface by conduction, temperatures o f  
600° to 700 °C may be attained at depths o f  30 
to 50 km, but a temperature o f  900 °C may not 
be reached at depths twice as great. However, 
the situation in a downfolding synclinorium 
is not ordinary because the crustal rock is 
greatly thickened in the downfold. Sialic rocks 
generally produce more heat by radioactive
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decay than basaltic rocks, and the heat pro­
duced in a downfolded sialic layer thickened 
to about 45 km can result in tem peratures in 
the neighborhood o f  900 °C in the lower part 
o f  the downfold over a period o f  200 m illion 
years or so (A . H . Lachenbruch, oral com­
munication, 1965). These considerations sug­
gest that a magma zone could very well form  
at depths of 30 to 50 km in a thickened and 
depressed segment o f  the crust.
The evidence fo r  several epochs o f  pluto­
nism  have already been discussed, and F igure 
4 shows the three most firmly established 
epochs. The Late T riassic or Early Jurassic 
magmas and the early Late Cretaceous m ag­
mas are shown to have form ed entirely in the 
crust, because the least differentiated m ajor 
plutons of these groups are no more mafic 
than granodiorite and because H urley and 
others (1965, p. 172) have determined the in i­
tial SrS’ /^Sr®® ratio o f  the granitic rocks in 
the central Sierra Nevada to have been in the 
range o f  0.7073 ±0.0010. From  this ratio  they 
deduced that i f  the granitic magmas or ig i­
nated from  a m ixture of sialic and basaltic ma­
terials, the ratio was one-third basalt and two- 
thirds sial. This proportion  o f  basalt could 
have been introduced into the melted rocks 
either by volcanism at the time o f  deposition 
o f  some of the melted rocks, by later intrusion, 
or by m ixing at the interface between the 
basalt and the overlying sial. On the other 
hand, the Upper Jurassic gran itic rocks along 
the west side o f  the Sierra Nevada are gener­
ally m ore mafic than the ones farther east, and 
their form ation w ould have required a larger 
proportion o f  basalt. Hence, the magma cham­
ber in which the parent m agm a was form ed is 
shown to include the basalt layer.
According to th is  hypothesis, episodes o f  
volcanism and plutonism should be approxi­
mately contemporaneous and should be closely 
related temporally to  deform ational episodes 
in which the crust was depressed and thick­
ened. In fact, one test f o r  the hypothesis is 
whether episodes o f  approxim ately contem po­
raneous volcanism, plutonism, and deform ation 
can be demonstrated. At present, the data are 
permissive only. T h e only established temporal 
relation between tectonism  and plutonism is 
that o f  the well-known Late Jurassic Nevadan 
orogeny to Late Jurassic plutonism. One o f 
the older periods o f  deform ation that has been
recognized in the m etam orphic rocks could 
well be temporally related to the Late Triassic 
or E arly Jurassic plutonism, and deform ation 
in the western m etam orphic belt that occurred 
a fter the Nevadan orogeny could have taken 
place at the tim e o f  the early Late Cretaceous 
plutonism, but these suggested relations have 
not been established.
N orthwest and west o f  the Sierra Nevada, 
in the Klamath M ountains and northern Coast 
Ranges, Irw in (1964) has recognized tw o 
periods o f deform ation. H e identifies the ear­
lier as the Late Jurassic Nevadan orogeny 
and the later as a Late Cretaceous “ Coast 
Range orogeny” , because o f  its “  . . . im ­
portance in development o f  the pre-T ertiary 
structure o f the Coast Ranges” . East o f  the 
S ierra Nevada, in western and southern N e­
vada, several periods o f  com pressive deform a­
tion since Late M ississippian time are gener­
ally recognized, and some o f  them appear to 
have occurred at about the same tim e as the 
plutonic episodes o f  the S ierra Nevada.
Volcanic rocks o f  E arly Jurassic age have 
been identified in the eastern Sierra Nevada, 
and ones o f  Late Jurassic age have been identi­
fied in the western m etam orphic belt, but m ost 
volcanic sequences are unfossiliferous, and 
their precise ages are unknown. Consequently, 
little can be said about the temporal relations 
o f  volcanic episodes to plutonic or tectonic 
episodes, except that they span m ost and per­
haps all o f  the known M esozoic plutonic and 
tectonic episodes.
Difficulty with the hypothesis illustrated in 
F igu re  4 arises, because it places the date o f 
form ation o f  the present root o f the Sierra 
Nevada in early Late Cretaceous tim e, when 
the Late Cretaceous magmas were form ed, and 
because uplift since then apparently has not 
been continuous. I f  the u p lift during the Cre­
taceous and Tertiary was caused b y  isostatic 
adjustm ent in response to the form ation  o f  
the root, as seems a reasonable expectation, 
u p lift should have been m ore or less con­
tinuous, though at a dim inishing rate, until 
equilibrium  was restored. However, during a 
period o f  at least 30 m.y. in the early T er­
tiary, the Sierra Nevada appears to have 
risen very little, and u p lift was renewed dur­
ing the late Tertiary. A t  the present, I have 
no explanation to offer fo r  these puzzling re­
lations.
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ABSTRACT
Western California between the 37th and 40th parallels is part of an active mobile orogenic belt in 
which sedimentation, deformation, volcanism, and plutonism have been intimately associated since the 
mid-Mesozoic. At present, the region is still undergoing folding and warping as shown by data from 
geodetic triangulation networks and geomorphology, and several major high-angle foult zones are seis­
mically active. These faults continue to acquire displacement both suddenly during earthquakes and 
slowly by gentle creep with no recordable shocks. Pleistocene beds and terraces at places are steeply 
warped. Strong deformation occurred during the late Pliocene and early Pleistocene. Most of the Tertiary 
was characterized by fragmentation of the region into basins and intervening ranges following compara­
tively more widespread sedimentary transgressions and regressions during the early Tertiary and late 
Mesozoic.
The structural significance and history of the San Andreas foult system are still under study. In 
central California, Pliocene and Pleistocene sedimentary facies are apparently offset laterally as much 
as 25 miles, but in this region strike-slip of greater amounts in older rocks has not yet been documented. 
The San Andreas separates very different terranes, with mismatched stratigraphic sections facing across 
the fault. These probably can be matched only through recourse to major right-slip, increasing in dis­
placement with age. Right-slip of about 200 miles is reasonably well established in southern California, 
and such displacements, extended into central and northern California, probably account fpr the contrast 
in terranes, including basement. Here the San Andreas separates the Franciscan complex of disturbed 
graywacke, mudstone, chert, conglomerate, limestone, mafic and ultramafic volcanic rocks and serpentine, 
and Jissociated metamorphic rocks from the basement of granites and gneiss. The magnitude and timing 
of displacements on the San Andreas and related faults, which probably originated in the early Tertiary, 
will only be determined through the mapping and correlating of sedimentary facies that are cut and offset 
by the fault. As yet this analysis has but barely commenced.
The Sierra Nevada and Klamath Mountains were the site of rapid eugeosynclinal sedimentation 
and volcanism in early Late Jurassic time. These strata were deformed, metamorphosed, faulted, and 
intruded by serpentine and granitic plutons in turn; all in the mid-Late Jurassic. Following uplift, deep 
erosion, and subsidence, sedimentation in the latest Jurassic transgressed and overlapped eastward 
across the ancient Sierran margin. Altogether, 40,000 feet of mudstone, graywacke, and conglomerate 
were deposited in the Great Valley sequence by the end of the Cretaceous. Beginning also in the early 
Late Jurassic nearby, but in unclear tectonic relationship to the Great Valley sequence, Franciscan 
sedimentation, volcanism, and downbuckling carried strata to depths of about 70,000 feet. Here deeper 
beds were converted to the blueschist metamorphic facies and then rapidly elevated and perhaps in part 
thrusted in mid-Late Jurassic time. Following continued eugeosynclinal sedimentation, major thrusting 
or downslope sliding and mixing on a grand scale took place in the Franciscan terrane in the Middle 
Cretaceous. The complexity of the Franciscan is the consequence of these events together with over­
prints of Tertiary deformation, which at places also included major thrusting and near isoclinal folding, 
diapir or piercement structures, limited gravitational sliding, and strong deformation along high-angle 
shear zones.
Ancient and complex rocks of the thick continental crust give way abruptly to the simple, thin, and 
presumably younger crust beneath the Pacific Ocean. The Moho discontinuity has a depth of about 18 
miles (29 km) under the Coast Ranges and rises to about 8 miles (13 km) under the basaltic oceanic crust. 
Pacific fault zones apparently pass largely beneath, and only slightly disturb, the continental plate. 
Faults of the San Andreas system probably are mainly confined to the continental plate and may con­
verge and merge to constitute the continental margin.
IN TRO DU CT IO N
The tectonics o f  the California Coast Ranges 
and Great Valley between the 37th and 40th 
parallels are marked by complexity and con­
troversy. The region is part o f  a mobile tec­
tonic belt that has undergone intricate de­
formation through long geologic periods which 
at times have culminated in metamorphism
and plutonism. Concurrently with intermittent 
deformation, sedimentation and volcanism, 
both marine and nonmarine, have taken place. 
The complexity is the direct result o f  this long 
continued interplay between deformation, sed­
imentation, volcanism, metamorphism, and 
plutonism. Older rocks and tectonic units have 
been deformed time and tim e again, and in
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m any instances, successively in quite different 
ways. Late strong tectonic events have over­
printed and largely obscured the evidence fo r  
early events. Fold ing and fau lting o f  many 
types have affected these rocks, both young 
and old, and roadcuts and large-scale maps o f 
small areas docum ent clearly this widespread 
deform ation. D uring the past fe w  decades, 
however, as m ore in form ation  from  m apping 
and from  stratigraphy and the patterns o f  
sedimentation has becom e available, geologists 
have been forced  to consider seriously expla­
nations involving m ajor thrusting, m ajor 
strike-slip faulting, m ajor down-slope sliding, 
and piercement or diapir tectonics in order to 
account for  the present distribution o f  rock 
units. Data from  the study o f  m ineral facies 
in blueschist and associated rocks indicate that 
terranes have been quickly and deeply buried 
w ithin the crust, to depths exceeding 70,000 
feet, and then have been very rapidly uplifted. 
Evidence and argum ents, accordingly, strongly 
suggest that there are  vertical m ovements ex­
ceeding 5 miles, sideways movements o f  blocks 
on m ajor wrench fau lts exceeding 200 miles, 
giant overthrusts w ith  horizontal displace­
ments o f  as much as 100 miles, and vast tracts 
o f  jum bled blocks as the result o f  downslope 
sliding o f  many tens o f  miles. No w onder that 
the region is complex, and no wonder that 
there is brisk controversy am ong the geolo­
gists who puzzle over its tectonic history.
Although the main purpose o f this article is 
to present a tecton ic cross section through 
the Coast Ranges (F ig . 1 ), this cannot be done 
satisfactorily w ithout taking into considera­
tion  the geologic h istory o f  the terrane in­
volved. It is not enough to  present a picture 
o f  the geom etry o f  the rock units as they now 
lie. In fact, geologists in tim e will be able to 
draw  a m eaningful cross section only i f  they 
w ork out carefully th e  way the rock  units got 
into their present positions. W e cannot ex­
trapolate faults, fo lds, and units downward 
only on the in form ation  obtained at the sur­
face, from  wells, and from  geophysical data. 
W e can do a much m ore satisfactory  jo b  i f  we 
have a genetic im age in mind. B ut as yet, we 
do not quite have enough basic data from  
m apping and other studies to fram e im ages 
satisfactorily. Alternative hypotheses and ex­
planations fo r  the relations as now  known are 
being sifted and checked. W e are on the edge 
o f  understanding in  placing the various tec­
ton ic processes in th eir  proper order and per­
spective, and real understanding can be ex­
pected in the next decade or so. A t best, a 
discussion now is bu t a progress report and a
treatment o f  current ideas and explanations
One appealing w ay to describe the tectonic 
history o f  the Coast Ranges is to w ork  back 
from  the known present into the more obscure 
past. The interplay between deform ation and 
sedimentation is clearly documented in the 
Recent and late Cenozoic rocks. Perhaps we 
can develop working guides in strata which 
have not yet been seriously deform ed to help 
us in  interpreting the record  in more ancient 
rocks, in those where later events have largely 
obliterated the data needed fo r  interpretation. 
So in this paper, I will describe very briefly 
the present-day topography and the changes 
which we can observe and measure taking 
place upon it, and work from  these back into 
the past. I will lean Upon the Principle o f  
U niform itarianism  and extrapolate from  the 
present where the data are good  and into the 
past where the data are progressively less sat­
isfactory. Basic to this approach is the realiza­
tion that young rocks can only record deform a­
tions which are also young and w hich have 
happened a fter deposition. The large expanses 
in the Coast Ranges w ith older rocks exposed 
at the surface, such as the Franciscan com ­
plex, show the stamp o f many deform a­
tions; these are indeed very  difficult to  disen­
tangle. Such terranes have been subjected to 
the later events as well as the older, and one 
way to appraise the effect o f  the younger ones 
is to  rem ove or unravel them graphically, or 
in our imagination, from  the others. To do 
this w e may need to project w ith care results 
from  one region into another, fo r  example, 
from  a region where younger strata are ex­
posed into an adjacent one where older rocks 
crop out.
M O D E R N  A N D  RECENT D EF O R M A T IO N
T he region under treatment, between the 
S ierra Nevada and the deep Pacific Ocean, can 
be subdivided into several topographic prov­
inces today, although the area must have ap­
peared very different in the past (F ig . 2 ) . The 
S ierra Nevada w ith its footh ills borders the 
region  on the east as well as the Sacram ento 
Valley, the northern half o f  the Great Valley 
o f California. Here the valley is about 40 miles 
w ide and lies very near sea level. B road and 
gentle alluvial fans, dissected at their heads, 
reach downward and westward from  the Sierra 
footh ills to the m eandering and swampy Sac­
ramento River. The delta region, where the 
Sacramento joins the San Joaquin R iver and 
where they both lazily flow  westward to San 
Francisco Bay, is clearly one o f  m odern tec­
ton ic subsidence and sedim entation. N ext to
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Fig. 1. Schematic tectonic cross section from Pacific Ocean Basin to Sierra Nevada foothills. Section crosses a few miles north of Point Reyes (PR, Pig. 2) 
through Sacramento (SA). Data in part from Thompson and Talwani (1964); Bailey and others (1964); Hamilton and Pakiser (1965); Jennings and 
Burnett (1961); Koenig (1963); Strand and Koenig (1965). Vertical exaggeration 4X on upper section; no exaggeration below. J =  Jurassic; K  =  
Cretaceous; K1 =  Lower Cretaceous; Ku =  Upper Cretaceous; T  =  Tertiary; T v  =  Tertiary volcanics; Q =  Quaternary.
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Fig. 2. Sketch map of California showing major geologic features and provinces. Data in part from Bailey and 
others (1964); Clark (1960); Dott (1965); Irwin (1964). BA =  Bakersfield; CO = Coalinga; EB = Estero Bay; 
FR = Fresno; LA = Los Angeles; MB = Monterey Bay; PA = Palo Alto quadrangle; PR = Point Reyes; 
SA = Sacramento; SE = San Emigdio Mountains; SF = San Francisco; ST = Stonyford; TR  = Temblor Range.
the west lie the Coast Ranges themselves, con­
sisting o f  a series o f  northwesterly strik ing 
and subparallel m ountain ranges w ith  inter­
vening valleys. M any o f  the valleys are now 
receiving sediments as the m ountains are 
eroded, but most o f  the erosional products 
work their way down longitudinal rivers to 
the sea. Some o f  the ranges still retain patches 
o f  Pleistocene and early Recent alluvial ter­
races which attest to the recency o f  uplift. 
The western part.p f the region  is made up o f 
the continental shelf, from  20 to 30 miles wide, 
and the continental m argin, about 40 miles 
wide. From  a depth o f 600 fe e t  at the edge o f 
the continental shelf, the w ater drops away 
across the continental m argin  to a depth o f 
more than 12,000 feet in  the deep Pacific. In 
summary, the Sacramento Valley at present is
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an elongate region o f  subsidence and sedi­
mentation, the area o f  the Coast Ranges is 
largely a region of uplift and erosion but with 
local areas o f  sedimentation, and the conti­
nental shelf and margin are mostly areas o f 
nondeposition or minor deposition and some 
erosion. Most o f  the sediment from  the region 
works its way to the floor o f the Pacific, in 
part down submarine canyons, and into vast 
submarine aprons which attenuate westward 
from  the base o f  the continental slope.
Deform ation at present is shown dramati­
cally in ways other than by inferences from  
the geomorphology. Coastal California is seis­
mically active, and at times o f strong earth­
quakes the ground is broken and displaced at
the surface along faults. Streams, fences, and 
roads, for example, were moved laterally as 
much as 21 feet during the San Francisco 
earthquake o f  A pril 18, 1906, on the San An­
dreas fault. In addition to such sudden move­
ments, manmade structures along the San 
Andreas and Hayward faults are being bent 
and offset by tectonic creep, even without the 
occurrence o f recordable earthquakes (Stein- 
brugge and others, 1960; Cluff and others, 
1966). Resurveys o f triangulation networks in 
the central Coast Ranges show that the terrane 
is moving laterally, both by folding and warp­
ing within blocks between faults, and by creep 
or slippage on the faults themselves (Whitten, 
1956). Analysis by B urford (1965) o f data
Fig. 3. Contour map of the approximate present configuration of a surface that was the geoid approximately 
3 million years ago. Simplified from Christensen (1965, PI. 2); q. v. for qualifications, sources of data, and dis­
cussion.
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from surveys for two networks which cross 
the Coast Ranges and the San Andreas fault, 
one northeast from Monterey Bay and the 
other from Estero Bay, show a dominant 
northeast-southwest crustel shortening which 
is approximately perpendicular to the general 
trend of folds, reverse faults, and thrusts in 
the Coast Ranges. In th vicinity of the San 
Andreas fault zone, however, the strain pat­
tern is characterized by north-south contrac­
tion and east-west extension which is con­
sistent with right-slip on steep faults with a 
northwest strike. On a regional basis, these 
studies show that deformation associate with 
northeast-southwest crustal shortening dom­
inates the movement pattern at present and 
that somewhat subordinate right-lateral dis­
placement is superimposed on this general pat­
tern and is restricted to the San Andreas fault 
zone.
PL IO -PLE ISTO C EN E  D E F O R M A T IO N
The vertical deformation over a somewhat 
longer interval is shown by the present shape 
of a hsrpothetical geoidal surface that existed 
about 3 million years ago (Christensen, 1965). 
The study of localities around the margins of 
valleys, where late Cenozoic strata are pre­
served and their ages known, of ancient 
erosion surfaces, and, where this kind of in­
formation is lacking, of topography, with a 
consideration of erosion rates, permits the 
construction of a contour map (Fig. 3 ). De­
spite gaps in the record and inaccuracies in 
the method, the study reveals that various 
ranges and valleys within the Coast Ranges 
have moved vertically as much as 3,000 feet 
during this time interval. The map brings out 
that the major strike-slip faults, such as the 
San Andreas, in this region are somewhat 
independent of vertical uplifts although they 
are aligned with the same trend; a relation 
which is also shown by the course of these 
faults across the present topography. Only 
locally do these faults today form the bound­
ary between high-standing terrane under 
erosion on one side and low-standing ground 
receiving sediments on the other. The map 
also emphasizes that sedimentation is rapid 
in the southern part of the Great Valley, in 
the area now characterized by internal drain­
age. Over 3,000 feet of have been laid 
down in the San Joaquin Vail near the 38th 
paralld and iierhaps as much as 10,000 feet 
to the southwest of Bakersfield. Our efforts to 
understand the tectonics of the region must 
therefore be concerned, not only with the rise 
of mountains, but also with the formation of
these amazingly deep “holes” well back within 
the continent from the Pacific margin.
The horizontal deformation in the Coast 
Ranges during the latest Cenozoic is shown 
by the offset of streams and terrace facies 
along the San Andreas and related faults. 
Unfortunately, in the study of lateral move­
ments in crustal rocks, we lack conveniently 
oriented references from which to measure 
the movements, such as the omnipresent sea- 
level surface which controls erosion and sed­
imentation and which we can use for judging 
vertical movements. Only in the immediate 
vicinit of faults, such as the San Andreas, 
is there any possibility of determining the 
relative horizontal movement, and then only if 
we can find offset, near-vertical, planar con­
tacts, such as those between plutons, or dis­
placed linear elements, such as offset streams 
or facies-change lines. The data we have to 
work with in documenting lateral movements 
is more scarce than that which we can use in 
documenting vertical movements. Moreover, 
studies using contoured surfaces such as those 
just described that were undertaken by Christ­
ensen (1965) to deal with vertical changes 
are largely insensitive by their geometric na­
ture to horizontal movements. Nevertheless, 
we have definite evidence of nearly pure strike 
slip for the San Andreas, as shown by the off­
set of roads, fences, and streams during the 
1906 earthquake and by older displaceanents. 
Geometrically, these are linear features which 
intersect the fault at high angles and which 
can be correlated from one side to the other 
after offset. Stream offsets of as much as
3,000 feet have been reported along the San 
Andreas (Noble, 1954, p. 4 6 ), and many in 
between, but to date there have been no care­
ful geomorphic studies showing the increase 
of displacement with age. A t several places, 
displacement of as much as 10 miles of facies- 
change lines in Pleistocene terrace gravels has 
been reported (Wallace, 1949, p. 800; Hill and 
Dibblee, 953, p. 446; Noble, 1954, p. 46; 
Smith, 1959). In summary, lateral movements 
on active wrench faults of the Coast Ranges 
have taken place at the same time as striking, 
and more easily documented, vertical move­
ments.
Pliocene rocks, ihainly upper but also rang­
ing down into the middle Pliocene and up into 
the lower Pleistocene, along the San Andreas 
fault, have been studied by Higgins (1961) in 
order to learn more about the displacement 
of the fault. Embayments filled with these 
marine strata east of the fault must have had 
channelways facing into the Pacific across the
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Fig. 4. Geologic structure sections through the Mount Diablo region. Redrawn from Taliaferro (1951, PI. 1, Sec­
tions Va-Va' and VI).
fault when they were laid down, but now the 
openings are blocked by ridges of older rocks. 
By matching possible seaways now offset to 
the north, Higgins concluded that right-slip 
“ . . . hsis not exceeded 15 miles, more likely 
has amounted to 4 to 10 miles, and possibly 
has not exceeded 1 to IV  ^ miles since middle 
Pliocene time. During the same time, vertical 
movements have raised the east side of the 
fault about 500 feet relative to the west side 
in some areas.”
TERTIARY D E F O R M A T IO N
The tectonic record for the middle Pliocene 
and earlier times in the Tertiary comes pri­
marily from interpretations of the strati­
graphic record, both sedimentary and volcanic. 
Although geomorphic features which had their
origin early in the Pliocene, and even before, 
are still preserved locally, they are so scat­
tered and piecemeal that they are not espe­
cially helpful in reconstructing the ge<dogic 
history of the region. Lower and midffie 
Pliocene sediments, marine and nonmarine, 
are widely preserved in the c^tral Coast 
Ranges and have a distribution which is ohly 
partly controlled by the present topography. 
These beds are markedly deformed, and at 
many places they stand vertically and are even 
overturned (Fig. 4 ). In fact, because upi>er 
Pliocene and yoimger beds are much less de­
formed than middle and lower Pliocene strata 
in the San Francisco Bay region, Talmfenfo 
(1951, p. 142) writes of a strong mid-Pliocene 
deformation which he considered as the most 
important diastrophic event in the develop­
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ment of the Coast Ranges as we know them 
today. These events actually began in the late 
Miocene with the development of a series of 
basins and highs which fragmented the topog­
raphy in the central Coast Ranges. One of 
these ridges or high-standing areas, which 
contributed debris to nearby lowlands, ex­
tended from south of San Francisco in a 
southeasterly direction (Taliaferro, 1951, p. 
144). To the southwest of this high, a thick 
section of marine clastic and organic sedi­
ments was laid down; these beds (the Pur- 
isima Formation) are preserved locally from 
the coastline west of the San Andreas to the 
San Joaquin Valley region near Coalinga. As 
yet, however, there has been no detailed re­
gional study of the facies, thickness, and 
sedimentation directions in these strata which 
might provide data to assess the magnitude of 
post-mid-Pliocene strike slip on the San An­
dreas and related faults. Northeast of the 
high-standing region referred to above are 
thick sequences of variable continental de­
posits, some of which were derived from the 
southwest (Taliaferro, 1951, p. 144). These 
beds are intercalated with thick flows and 
agglomerates of both rhyolite and andesite. 
On to the northeast and east, these units give 
way to thinner nonmarine beds in the Great 
Valley, and these in turn interfinger to the 
south with marine Pliocene beds in the vicin­
ity of Fresno.
Miocene strata, both sedimentary and vol­
canic, of the central Coast Ranges are char­
acterized by marked facies and thickness 
changes from place to place. At the beginning 
of the Miocene, the sea encroached upon an 
uneven land. South of the Monterey region, 
for ^lample, lower Miocene sediments (Va- 
queros Formation) were laid down between 
the islands of a complex archipelago (Talia­
ferro, 1951, p. 139). As time passed, how­
ever, relief of the land area was reduced, and 
thick middle Miocene strata, including or­
ganic shales largely composed of diatoms 
(Monterey Formation), were laid down in 
basins. Volcanism was widespread, and from 
several marked centers produced both sub­
aerial and submarine flows, fragmental rocks, 
and shallow intrusions. The range of composi­
tion of these rocks is striking; rhyolite, andes­
ite basalt, and analcite diabase are repre­
sented. Toward the end of the Miocene, 
sandstone and, locally, conglomerate replace 
the widespread and thick organic shales. From 
the tectonic viewpoint, the mid-Tertiary in 
this region was a time of crustal instability 
when basins were downwarped and interven­
ing highland areas were,  upfolded. Locally 
there are sharp intra-Miocene unconformities, 
especially around the margins of some basins. 
It has been extremely difficult to work out the 
deformational history of the mid-Tertiary, 
primarily because of the complexity of the 
stratigraphy. Only by means of careful large- 
scale mapping, quadrangle by quadrangle on 
a regional basis, can the story be satisfactorily 
documented. This work is still incomplete. The 
work depends primarily on sound stratigraphic 
procedures so that time correlation from place 
to place can be established independently from 
the lithology. Careful mapping of facies 
changes, with particular attention to direc­
tions of sedimentation and thickness changes, 
source areas of conglomerates, and environ­
mental indicators preserved in the rocks, will 
allow geologists of the future to reconstruct 
the changes in Miocene paleogeography. Such 
detailed regional studies as well will permit 
the search for mismatches in stratigraphic 
sequences across fault zones that perhaps can 
only be resolved by appeal to major strike 
slip.
The tectonic history and significance of the 
San Andreas fault system between the 37th 
and 40th parallels of latitude'are difficult to 
decipher, and much of our understanding of 
the fault will have to depend on conclusions 
obtained from elsewhere along it and then 
cautiously applied to this region. The problems 
can perhaps be framed best by referring to 
the contrast in formations exposed on the 
two sides of the fault in a typical area, such 
as that in the southern part of the San Fran­
cisco Bay area, described recently by Dibblee 
(1966) and reproduced here as Figure 5. To 
begin with, the sequence on the southwestern 
side of the fault extends downward, outside of 
the quadrangle, to include Paleocene. strata 
lying unconformably on the granitic and meta­
morphic basement underneath the Butane 
Sandstone (Eocene). In fact, everywhere 
along the southwestern side of the San An­
dreas zone, sedimentary strata, , not at all 
metamorphosed, lie depositionally on deeply 
eroded rocks containing granitic intrusions 
which have been dated isotopically as being 
between 81 and 92 million years of age, or 
early Late Cretaceous (Curtis and others, 
1958). On the northeastern side of the fault 
(Fig. 5 ), the Butano (? ) Sandstone lies un- 
•conformably upon the Franciscan complex 
which consists of a thick heterogeneous se­
quence of graywacke, greenstone, chert, lime­
stone, shale, and associated serpentine and 
diabase. This complex in California is now
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known to range in  age from  Late Jurassic to 
Late Cretaceous (B ailey  and others, 1964). 
On one side is a sialic basement made up 
largely o f  Late Cretaceous gran ite ; on the 
other is a terrane o f m ainly older sediments 
w hich are predom inantely unmetamorphosed, 
although they locally contain rocks o f  the 
zeolite, blue-schist, and eclogite m etam orphic 
facies. So the first and perhaps m ost basic 
problem  w e face  in understanding the s ig ­
nificance o f  the San A ndreas in ou r region  
is to  explain this contrast in  the underlying 
or pre-Tertiary rocks, bu t w e will come back 
to a discussion o f  M esozoic and older events 
later. .
T he contrast in  Tertiary units is brought 
out by  F igure 5. The Butano Sandstone, de­
fined on the southwest, consists o f  bedded, 
hard, arkosic sandstone with intercalations o f  
siltstone. On the northeast, i t  is sim ilar but 
m ore massive in lithology and contains a basal 
conglom erate where it  lies unconform ably on 
the Franciscan com plex. On the southwest, 
the Butano is overlain conform ably by  the 
San Lorenzo Form ation, but the later unit is 
not present at all in th is  region on the north ­
east. Instead, here the Butano ( ? )  is overlain 
unconform ably b y  the Page Mill Basalt, a 
M iocene unnamed sandstone, and the M onterey 
Shale. On the southwest, the San Lorenzo 
Form ation is overlain conform ably by  the 
Vaqueros Sandstone and Lam bert Shale, units 
w hich are not present a t all on  the northeast. 
T he Lambert Shale, with included basalt 
tongues (M indego and oth ers), is  overlain 
conform ably by the M onterey Shale.. In striv­
ing to explain such a  contrast in  sequence, 
California geologists have traditionally first 
o f  all appealed to  several m ovem ents on the 
San Andreas during the T ertiary , w ith dip 
slip prim arily. A ccord ing to  this thinking, 
during the Paleocene and E ocene the north­
eastern block would have stood somewhat 
higher than the southwestern w hich received 
Paleocene and Butano sandstone and shale. 
The sandstone, w ith a  local basal conglom er­
ate, transgressed across the bevelled Fran­
ciscan complex to  the northeast and then was 
presum ably uplifted and som ewhat eroded, as 
shown b y  the unconform ity above. This north­
eastern block w as then depressed sufficiently 
to receive the M iocene unnamed sandstone. 
P age Mill Basalt, and M onterey Shale. In  the 
meantime, the southwestern block received a 
thick and variable, conform able sequence on 
top o f  the Butano Sandstone that included the 
San Lorenzo Form ation , Vaqueros Sandstone, 
Lam bert Shale, and M indego Basalt before  the
M onterey Shale was laid down conform ably 
over all. The m ism atch o f  stratigraphic se­
quence across the fau lt would probably be 
explained by correlating the unnamed sand­
stone w ith  a tongue o f  the Vaqueros Sandstone 
and assum ing that the Liambert Shale was 
deposited only on the low and subsiding block 
on the southwest. The Page Mill Basalt would 
then probably be correlated w ith some o f  the 
southwestern basalts (T b  or  M indego). A c­
cording to this interpretation, the uncon­
form ity  beneath the M iocene rocks on the 
northeast is represented on the southwest by 
the continuous sequence o f  San Lorenzo F or­
mation and parts o f  the Vaqueros Sandstone 
and Lam bert Shale. Follow ing these events, 
blocks on both sides o f  the San Andreas were 
sufficiently uplifted to  form  the unconform ity 
on top o f  the M onterey Shale. The block  on 
the northeast remained high, however, while 
that on the southeast received the Purisim a 
Form ation during the early and middle P lio­
cene. I t  was then somewhat elevated while 
the northeastern block was depressed to  re­
ceive the upper Pliocene, M erced ( ? )  Form a­
tion. B oth  blocks w ere then elevated sufficiently 
to m ake the sub-Santa Clara, u n con form ity ; 
then there was enough subsidence to deposit 
the Santa Clara Form ation, consisting o f  non­
m arine gravels.
U ntil the early 1950’s, fe w  geologists chal­
lenged such a com plicated interpretation o f  
the differences in the stratigraphic sequences 
across the San Andreas, as well as across other 
m ajor faults in California. It seemed well 
established that the m ajor faults separated 
blocks which alternately rose and sank as the 
consequence o f  fundam ental “ vertical tec­
tonics” . Although the idea o f  explaining such 
differences by appeal to strike slip o f  several 
tens o f  miles had been advocated, on the 
Calaveras-Sunol fau lt by V ickery  (1 9 2 5 ), on 
the San Andreas in  southern C alifornia by 
Noble (1926 ), and on the San Gabriel fault 
in the Transverse Ranges by  Crowell (1 9 5 2 ), 
the idea did not receive m uch attention until 
the publication o f  H ill’s and D ibblee’s paper 
in 1953. Their contribution prim arily was to 
show that several o f  the stratigraph ic se­
quences on one side o f  the San Andreas were 
apparently reproduced on the other, but offset 
an astounding num ber o f  miles. Successively 
older sequences, beginning w ith contrasts in 
Pleistocene terrace facies, appeared to  be o ff­
set m ore and m ore in go in g  back in geologic 
time. They suggested that m any o f  the marked 
contrasts across the fault w ere but dip separa­
tions and that the fault had m oved prim arily
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by strike slij)— a^n extrapolation backwards 
into tim e o f  the type o f  movement demon­
strated today by seismic and surveying studies. 
In short, they resolved the “ mismatch”  in 
stratigraphic sequences across the fault, fo r  
selected units, b y  showing that certain se­
quences were sharply truncated at the fault 
and could be “ matched”  on the other side 
but displaced m any miles laterally.
The region including the southwestern cor­
ner o f  the Palo Alto quadrangle was one 
mentioned by H ill and D ibblee (1953, p. 449 
and Fig. 3 ). They w ere . impressed with the 
similarities o f  the Eocene sequence, including 
the Butano Sandstone, o f  the Santa Cruz 
Mountains w ith  strata o f  the same age, con­
taining similar faunas, in the San Em igdio 
Mountains south o f  Bakersfield and suggested 
a post-Eocene displacement o f  about 225 miles. 
Somewhat younger units, including the San 
Lorenzo Form ation as represented in the 
northern part o f  the Gabilan Range (also 
southwest o f  the San A n dreas), appeared to 
match strata in the San Em igdio Range on 
the other side. In each o f  these distant areas, 
an unusual section o f low er M iocene volcanics, 
red beds, and m arine low er M iocene and Oligo­
cene strata occurs. They therefore suggested 
a post-early M iocene right slip o f  about 175 
miles. As yet, however, no detailed comparison 
o f  either the Eocene o r  Oligocene-lower M io­
cene strata has appeared in the literature, 
and many geologists are unwilling to accept 
such long distant correlations. These geologists 
are  impressed, fo r  example, with the fact that 
Eocene sandstone (Butano) is preserved on 
both sides o f  the fault, and that although 
there are differences in  facies, thickness, and 
especially in relations to younger and older 
rocks, these differences are not unusual in 
California, They state that i f  you go  a specific 
distance laterally along the San Andreas, but 
stay on one side o f  it, the facies and thiclmess 
changes will be about the same order as those 
observed in crossing the fault.
W e therefore face  tw o very different hy­
potheses w hich need testing, and it  is obvious 
that the data fo r  such tests must come from  
detailed stratigraphic studies. W ithin the 
Palo Alto quadrangle, fo r  example, we need 
to  search fo r  evidence w ithin certain o f  the 
stratigraphic units that the San Andreas fau lt 
w as active during deposition and that these 
beds were not truncated sharply by  fau lting 
a fter  deposition. Does the Butano Sandstone 
on the southwest (F ig . 5 ) contain Franciscan 
debris sim ilar to the rocks o f  that complex 
exposed unconform ably beneath the Butano
( ? )  on the northeast? Is there any sharp 
change o f  facies in the San Lorenzo, Vaqueros, 
or Lambert in approaching the fault which 
m ight be credited to  uplift and erosion o f  
the northeastern block during time repre­
sented by  the post-Butano ( ? )  unconform ity? 
A re there any distinctive pebble suites which 
could only have been derived locally from  be­
low one o f  the unconform ities on a high- 
standing block and swept across the San An­
dreas to  be deposited on the low  block? These 
and sim ilar questions need fram in g and an­
swering.
To test the strike-slip hypothesis, w e first 
need to  establish that there is a sharp mis­
match o f  stratigraphic units at the San A n­
dreas fault. Units in the class which occur 
on both sides, such as the Butano Sandstone, 
M onterey Shale, and Santa Clara Form ation 
(see below ), need examination especially in 
order to  see whether there is a contrast in 
facies, thickness, and other features across 
the fault. Others in the group, which are 
found on one side only, such as San Lorenzo, 
Vaqueros, and Lambert, need to  be follow ed 
carefully to as close to the fau lt as possible 
to determine whether they are sharply trun­
cated. These studies may establish that there 
is a puzzling “ mismatch”  w ith  regard to  these 
two classes o f  units. The strike-slip hypothesis 
is only proven, however, i f  these “ mismatches”  
can be resolved by  finding the offset counter­
parts displaced laterally. The difficulties w ith  
such essential studies are prim arily tw ofold. 
In the first place, it requires more than the 
usual amount o f  attention- to stratigraphic de­
tails in the particular area that a geologist 
is w orking. It is usually not enough to  trace 
the m ajor contacts between form ations and 
to keep track o f  gross thickness and facies 
changes such as m ight be done in conventional 
mile-to-the-inch mapping. T im e consum ing, 
second order studies, such as pebble counts, 
directional-current, and other types o f  in­
vestigations, may be. needed. In the second 
place, it m ay well be  necessary to map and to 
examine critically terrane that is m any miles 
from  the quadrangle o f  prim ary interest. In 
fact, under the hypothesis that older rocks 
are displaced successively m ore and more, the 
search fo r  a m atch will have to g o  farther 
and farther away as the rocks get older. And 
to be certain o f  correlations, we need to  be 
knowledgeable concerning all o f  the rock in 
between to  be sure that w e haven’t overlooked 
a patch o f  terrane where strata o f  the right 
age are exposed. In order to  be tru ly sound, 
the task is an im posing one.
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Fig. 6. Facies map and cross ^ tion s  indicating about 11 miles right slip on fault in Salinas Valley. Longitudinal 
sections parallel to fault show diagrammatically the stratigraphic relations and lateral variation of the Monterey 
Shale and Santa Margarita, Pancho Rico, and Paso Robles Formations in the area. From Durham (1965, Fig. 2). 
Location shown on Figure 2.
Appraisal of either the major strike-slip or 
reversing and repeated, dip-slip hypothesis 
can be aided if we systematize our procedures, 
but as yet there has been very little work of 
this kind done in the Coast Ranges. Units 
such as the Butano Sandstone, San Lorenzo 
Formation, and Purisima Formation need to 
be singled out, and facies and isopach maps 
prepared. Because the slip of a fault is defined 
as the displacement of formerly adjacent 
points  ^ and where unique facies-change lines 
and isopachs meet the fault piercing points 
are formed, such maps may allow us to solve 
the faults for slip, whether dip slip, oblique 
slip, or strike slip (Crowell, 1959; 1962) . The 
use of such lines is essential when appraising 
major strike slip on a regional scale, for, if 
crustal blocks carrying their canopy of sedi­
ments have truly glided past each other, the 
direction of displacement will be pretty much, 
parallel to the trace of the bedding against 
the fault. It is therefore quite conceivable that 
there has been considerable “regional trace
slip” but with almost no discernible “dip sep­
aration”. An example of such a study in the 
Salinas Valley has recently been presented by 
Durham (1965) on a northwest-trending fault 
parallel to and about 20 miles southwest of 
the San Andreas. The “lines” at the limits of 
deposition of two upper. Miocene formations 
(Pancho Rico and Santa Margarita) are off­
set with right slip of about 11 miles (Fig. 6 ).
Both hypotheses involve intermittent move­
ment during the Tertiary. At times of quies- 
ceoice, or when - displacement was by nearly 
pure strike slip so that there was no topo­
graphic relief across the fault (that is, no 
fault scarp), sediments were laid down across 
the fault trace. At > such times, tectonic fea­
tures other than the fault controlled, the shape 
of the topography which in turn controlled the 
spread of sediment. Only in such a way can 
we picture successively greater displacements 
of successively older units back into time. For 
example, one of the best documented displace­
ments involves the offset of the upper Miocene
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facies change between continental and marine 
rocks at the southern end o f  the San Joaquin 
Valley (H ill and Dibblee, 1953, p. 446; Hall, 
1960). Here the facies-change lines and m ar­
gins of paleo-environmental zones have been 
offset about 65 miles since the late Miocene. 
A t the end o f the Miocene, the San Andreas 
had a course oblique to the trend o f  mountains 
and valleys in much the same way as it trends 
today.
Vertical movement on faults, such as those 
o f  the San Andreas system, are documented 
where dated sedim entary-breccia o r  conglom­
erate lie along the fau lt and have demonstra­
bly been eroded from  the high-standing side 
in the past and shed onto the adjacent low 
block. Several such situations are known in 
California on the San Andreas or one o f  its 
branches. In fact, at present, these examples 
provide some o f  the best evidence in documen­
tation o f  large strike slip, because the con­
glomerates have been displaced laterally from  
their source area since deposition. This is par­
ticularly well shown on the San Gabriel fault 
in the Transverse Ranges where tw o accumu­
lations have been offset about 20 miles since 
the late M iocene from  their source areas (C ro­
well, 1952; 1962, p. 39 ). In both examples, 
sedimentary rocks older than the breccia-con­
glomerates are now preserved across the fault 
from  the deposits which include boulders and 
blocks o f  older basement rocks; only by going 
laterally along the fau lt can suitable source 
areas, exposed at the proper tim e, be found. 
A  similar situation occurs in the Temblor 
Range, now under study by G. L. Fletcher, 
where upper Miocene breccias were derived 
from  across the San Andreas fault zone to  the 
west. In that region at present, there is no ap­
propriate source that was exposed at the 
proper time. M ore than 65 miles to  the north­
west, however, on the other side o f  the fault, 
the probable source area is located. The pres­
ence o f  such breccia deposits demonstrates 
that the faults have had a dip-slip component 
o f  displacement where one side has been de­
pressed with respect to  the other, although the 
principal displacement has been b y  right slip. 
On the San Gabriel fault, f o r  example, the dip- 
slip component seems to have been about 2 ^  
miles, whereas the strike slip has been about 
20 miles since the late M iocene. This fault, 
by  the way, shows a greater righ t slip fo r  
basement rock s ; about 30 miles. In  fact, on the 
San Gabriel and San Andreas in southeastern 
California, all rocks older than earliest M io­
cene show  nearly the same displacement, so we 
can conclude that the faults originated in the
early Miocene. In this region, the San Gabriel 
seems to have a total displacement o f  30 miles, 
and the San Andreas o f  130 (Crowell, 1962), 
totalling about 160 on the system. A  large 
suite o f  sim ilar rocks, (basement, sedimen­
tary, and volcanic) with a rem arkably similar 
history, appears to have been displaced.
The documentation fo r  m ajor strike slip on 
the San Andreas fau lt is, therefore, consider­
ably more im pressive fo r  the southern half o f 
the fault in California. F or the northern half, 
which includes the stretch between the 37th 
and 40th parallels, only the younger rocks are 
known to be displaced laterally; the Merced 
Formation (upper Pliocene) in the Bay area 
studied by H iggins (1961) and the Santa 
Clara Form ation (lower Pleistocene) in the 
Palo A lto quadrangle (F ig . 5 ) .  In this latter 
area, Dibblee (1966) states that right slip 
may be as much as 25 miles, inasmuch as de­
bris within the unit now on the western side 
was apparently derived from  a source directly 
across to the east at tim e o f  deposition but 
which is now  found about 25 miles laterally 
displaced. W ith  such evidence as this, supple­
mented by data from  earthquakes and resur^- 
veys o f  triangulation nets, ^ e  can only at pres­
ent assume that the San Andreas in the north 
probably has much the same type o f  move­
ment as in the south. Mismatches in strati­
graphic units across the fault, as shown in 
F igure 5, are probably the result o f  m ajor 
strike slip, but w e cannot consider the matter 
solved until sufficient stratigraphic studies 
have been undertaken. These studies must 
focus upon units that are Sensitive to the ge­
ometry o f strike slip in bedded rocks.
The age, or tim e o f  origin, o f  the San A n­
dreas fault is another problem not yet solved. 
Two approaches seem to be available to us in 
striving fo r  an answ er: 1) to find the oldest 
sedimentary deposit containing debris une­
quivocally eroded from  an ancient fault scarp 
that can be identified with the San Andreas, 
and 2) to plot the in^^asing displacement o f  
cross-cut rocks w ith tim e until we find that 
all rocks older than a certain age are dis­
placed the same, or maximum, amount. The 
oldest, coarse debris, w ithin sedimentary 
units that are close to the San Andreas, are 
found in the Gualala Form ation o f  very Late 
Cretaceous or Paleocene age (Durham  and 
Kirk, 1950). These have not yet been suffi­
ciently studied, however, to show that they 
were laid down at the base o f  an ancestral San 
Andreas fa u lt  scarp. Facies o f  rocks older 
than these appear to be clearly transected by 
the fault, w hich therefore must be younger.
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B y analogy with our knowledge o f  the south­
ern part o f  the fault, it  may well be  that the 
northern stretch o f  the San Andreas is  also no 
older than earliest M iocene. T h e answer w ill 
have to  aw ait the outcom e o f  statewide com ­
parisons o f  the stratigraph ic sequences along 
the fault. Such com parisons can be expected 
to reveal data both on th e  age o f  the fau lt and 
on its total displacement.
Interpretations concerning the age o f  the 
fau lt are very m uch dependent on w hether or 
not the San Andreas is  indeed an interm it­
tently active, right-slip  fault o f  immense d is­
placement. Under this concept, it will have 
brought together older terranes w hich w ere 
in itially fa r  distant. T h e  contrast in strati­
graphic units, as discussed here w ith  re fe r ­
ence to  F igure 5, then finds ready explanation. 
The lateral changes in form ations and uncon­
form ities  can be conceived o f  as taking place 
gradually away from  th e  terrane at hand and 
on the same side o f  the fault, and unit by unit 
changing laterally along the strike o f  the fau lt 
into the character o f '  the correlatable unit 
preserved on the other side. In  the case o f  the 
Palo A lto  quadrangle (F ig . 5 ) ,  an area w hich 
presum ably stood “ h ig h ”  on  the average 
through the Tertiary, as shown by  thin units 
and several unconform ities, may have been 
brought next to a  reg ion  w hich through tim e 
was largely a “ low”  area w ith  th icker and 
finer deposits and fe w  unconform ities. The 
h istorical or  traditional interpretation o f  such 
a contrast in stratigraph ic units, that involves 
interm ittent dip slip, so  fa r  as age o f  the fau lt­
ing  is concerned, w ould place emphasis on the 
unconform ities and th e  transgression across 
the fau lt o f  units d irectly above them. W ith  
regard  to  F igure 5, pre-Butano movem ent 
would be implied in order to  bring the F ran­
ciscan complex next to  the gran itic  basement, 
and the fault would b e  considered to have a 
pre-E ocene activity. W ith  m ajor  strike slip, 
it  is quite possible f o r  the same relations to 
result from  post-E ocene or later movements 
w ith  no previous m ovem ents. T h is involves 
displacing a previously  existing contact o f  
som e sort between th e  Franciscan and the 
gran itic  basement. H ill and D ibblee (1953) 
and Curtis and others (1958) have assumed 
a buried contact beneath the Great Valley be­
tween the Sierra N evada gran itic  and m eta­
m orphic rocks on  one hand and the Franciscan 
com plex on the other that was subsequently 
offset m any miles. F rom  such data as that in 
F igu re  5 and until w e  have better knowledge 
o f  the distribution o f  the Butano Sandstone 
and its facies, w e m igh t well achieve the con­
trast b y  post-Butano (or  - later) r igh t slip 
alone and not require an additional episode o f  
pre-Butano movement.
The early Tertiary in  C alifornia was largely 
a time o f  crustal quiet com pared to the tec­
tonic events w hich fragm ented the region into 
basins w ith  broad intervening highs in  the 
early M iocene. Paleocene deposition m ainly 
followed patterns set in the Late Cretaceous 
except fo r  local transgressions landward upon 
beveled older rocks, as along the Pacific coast 
near M onterey. The Eocene strata are w idely 
but sparsely preserved in the Coast Ranges 
and are spread throughout the length o f  the 
Great Valley where they lie  w ithout much 
difference in degree o f  deform ation  on  the 
Cretaceous. The region  o f  the Sierra Nevada 
rose at this tim e so that its m etam orphic and 
vein-bearing rocks w ere deeply eroded to  give 
up gold  ore w hich was then washed westward 
in Eocene streams. T he auriferous gravels o f  
these old streams have provided some o f  Cali­
forn ia ’s m ost valuable gold deposits. Farther 
west, sedim ent from  these stream s m ade its 
way dow n deep notches cut into the p ile o f  
sedim entary rocks flanking the sea to manu­
facture subm arine canyons. These are now 
filled and preserved w ith later deposits; their 
existence demonstrates that subm arine can­
yons, o f  the same grandeur as those in  the 
seas today, w ere form ed in  the geolog ic past 
by a com bination o f  tecton ic and sedim entary 
processes and are not related to special events 
in connection w ith the Pleistocene and Recent. 
D uring the Oligocene, m arine rocks w ere laid 
down locally in central C alifornia, but to  the 
south in  the Coast Ranges, vast blankets o f  red 
beds (Sespe Form ation) w ere deposited.
In briefly sum m arizing the Tertiary tecton ic 
history in central California, tw o m ajor styles 
o f  deform ation  prevailed, but both are  inti­
mately related. The first and pervading style 
consists o f  w idespread fo ld in g  accom panied 
by dip-slip  fau lting and associated u p lift o f  
elongate ranges and concom itant depression 
o f paralleling valleys. Locally th e  fo ld in g  was 
severe, and beds are now  vertical o r  over­
turned and at places truncated sharply by  un­
conform ities. W here fo ld in g  was especially in­
tense w ith  incom petent rocks at depth, p ierce­
ment structures wdre form ed  late in the Ceno­
zoic, and m obile rocks, including serpentine, 
diapired surfacew ard through th e  torn ends o f  
enclosing strata. A t  other places, especially at 
the m argins o f  h igh-standing blocks, down- 
slope grav ity  structures form ed. In contrast­
ing regions, such as the Great Valley, there 
was relatively little deform ation  until at the
U M R  Journal, No. 1 (A p ril 1 9 M )
The California Coast Ranges 147
end of the Tertiary and then only the margins 
were noticeably affected. The second style is 
actually a part of the first. Some crustal blocks 
are bounded or crossed by steep fault zones 
along which intermittent strike slip has taken 
place. Perhaps this displacement, accumulat­
ing during the later part of the Tertiary and 
less certainly before, has brought about lateral 
displacements exceeding 200 miles.
M E S O Z O IC  T E C T O N IC S
Central and northern California are under­
lain by vast expanses and thicknesses of Meso­
zoic rocks; sedimentary, volcanic, plutonic, 
and metamorphic. In a gross way, there are 
three types of terranes. First, on the east and 
north, in the Sierra Nevada and Klamath 
Mountains, are metamorphosed Upper Juras­
sic and older strata which have been strongly 
faulted and intruded by Jurassic and Middle 
Cretaceous plutons. Second, this “basement” 
terrane, deeply eroded, is overlain unconform­
ably by an immense pile of Mesozoic sedimen­
tary rocks with strata as old as Late Juras­
sic at the bottom. These strata belong to the 
relatively undeformed and unmetamorphosed 
Great Valley sequence and crop out primarily 
in a band along the west side of the Sacra­
mento and San Joaquin Valleys. Third, the 
Franciscan complex underlies most of the cen­
tral Coast Ranges and consists of deformed 
graywacke, mudstone, chert, volcanic rocks, 
and associated ultrabasics that range in age 
from Late Jurassic to Late Cretaceous. In ad­
dition, west of the San Andreas, the base­
ment rocks are similar in many ways to those 
of the Sierra Nevada and Klamaths, and fi­
nally, along the coast, lies another strip of the 
Franciscan complex with strata of the Great 
Valley sequence. In the main, the problem is 
to find a tectonic explanation for the juxtapo­
sition of these diverse rocks with their com­
plex histories and nearly similar ages.
The rocks in the foothills of the Sierra Ne­
vada, at the eastern margin of the Sacramento 
Valley, consist of metamorphosed graywacke, 
slate, metaconglomerate, metavolcanic rocks 
of several kinds, metachert, and other rock 
types which are now steeply dipping and de­
formed (Clark, 1964). The sediments infilled 
a late Paleozoic and Mesozoic geosyncline 
which on the east is now occupied by a series 
of granitic plutons; the Sierra Nevada batho­
lith. Several formations in different fault 
blocks have been dated paleontologically as be­
tween the Callovian and early Kimmeridgian 
Stages, including the Oxfordian (Table 1 ). 
The total thickness of Jurassic strata in this
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region exceeds 15,000 feet. After deposition 
ceased in Kimmeridgian time (Late Jurassic), 
the strata were folded into a synclinorium, 
faulted, and metamorphosed. The folds and 
homoclinal sections have subsequently been 
transected by the distinctly later Foothills 
fault system (Clark, 1960). This system (Fig, 
1) consists of nearly vertical, cataclastic 
zones containing steeply plunging minor folds 
and b-lineations, a fabric which suggests 
strike-slip displacement, but the sense and 
magnitude of displacement are unknown. One 
of the faults on the north is crosscut by gra- 
nodioritic and quartz dioritic instrusions 
which have been dated isotopically at 131 and 
143 million years or later Jurassic (Curtis and 
others, 1958). On the south, another strand of 
the system is crosscut by a lobe of the Sierra 
Nevada batholith which was presumably em­
placed during the Middle Cretaceous.
The Klamath Mountains are also composed 
largely of Paleozoic and Mesozoic rocks which 
have been metamorphosed and deformed, in­
truded by ultrabasic and granitic bodies, and 
then deeply eroded (Irwin, 1964). The young­
est sedimentary rocks involved in this history 
are dated paleontologically as Late Jurassic (as 
young as middle Kimmeridgian). They consist 
of mudstone and graywacke and are very sim­
ilar in lithology to strata of the same age in 
the Sierra Nevada. On the far northwest, near 
the Oregon-California border, Dott (1965) and 
Koch (1966) have succeeded recently in partly
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disentangling younger (T ertia ry ) deform a­
tions from  at least two older ones in  the Late 
Jurassic and Cretaceous. The K im m eridgian 
and older beds were m etam orphosed to phyl­
lite and greenschist, and a westwardly, con­
vex, arcuate structural grain , consisting o f 
folded belts bounded by  thrust and high-angle 
faults, was form ed in the Late Jurassic. Irw in 
(1964) has speculated that some o f these 
thrusts represent far-travelled  plates r id in g  
on sheets o f  ultramafic rocks, largely serpen­
tine, but m ost o f  the relations could perhaps 
as well be explained by  tigh t fo ld in g  and steep 
thrusting w ithout im m ense displacement. 
These events are reasonably well bracketed in 
tim e, fo r , as in the S ierra Nevada, there are 
post-m etam orphic and post-deform ational in­
trusions w hich have also been dated as Late 
Jurassic. In both the S ierra  Nevada and Klam ­
ath M ountains, the evidence in hand at pres­
ent indicates a rem arkable telescoping o f  tec­
ton ic events. In just a few  m illion years, be­
ginning in about m id-K im m eridgian and last­
ing  till m id-Portlandian tim e, eugeosynclinal 
sedim entation o f  m udstone and grayw acke 
w ith some volcanics ceased, the whole was de­
form ed  And metam orphosed, intruded by ultra- 
basic and gran itic rocks in succession, and 
then uplifted and deeply eroded, and finally 
subsided. In addition, in  the Sierra, the F oot­
hills fau lt system  (a  h igh  angle system  w ith 
presum ed strike slip) predated the intrusions 
(Clark, 1960). This system , identified on the 
basis o f  its tim e and character o f  movement, 
has not yet been certainly recognized in the 
Klam ath region.
A t the northern end o f  the Sacram ento Val­
ley (F ig . 1 ) ,  the Great Valley sequence o f  un­
m etam orphosed upper M esozoic strata lies de­
positionally on the beveled Klam ath and S ier­
ra complexes ju st described. The base o f  this 
sequence has been dated paleontologically as 
Portlandian (Late J u ra ss ic), and the se­
quence ranges upwards w ithout significant 
stratigraph ic break through  m ost o f  the Cre­
taceous. This thick p ile o f  graywacke, m ud­
stone, and conglom erate totals a thickness o f  
over 40,000 fe e t  (B ailey  and others, 1964, p. 
123) and was deposited upon and transgressed 
across the eroded and subsided m argins o f  the 
S ierra and Klamath regions. A  cross section 
through these strata (F ig . 7 ) ,  w hich are now 
folded into a broad syncline, shows that suc­
cessively younger beds lap farth er and fa r ­
ther to the east. A t the eastern and northeast­
ern edges o f  the Sacram ento Valley, the over­
lapping Upper Cretaceous rocks lie d irectly  
upon a beveled basem ent surface. The locus
o f  sedim entation has m oved 'steadily eastward 
through time. N ot only is th is indicated by  the 
cross section (F ig . 7 ) but b y  the fact that all
40,000 feet or  so o f  the U pper Jurassic and 
Cretaceous strata are  unm etam orphosed. A l­
though the strata at the bottom  o f  the pile are 
somewhat better indurated, they are not s ig ­
nificantly different in m ineralogy from  sim ilar 
rocks near the top. I f  the beds had been laid 
down in a simple subsiding trough  w hich then 
overfiowed at its eastern m argin  as it filled up, 
the rocks buried at 40,000 feet should show 
effects o f  m etamorphism. It seems fa r  m ore 
likely that at no tim e was the vertical column, 
which could exert lithostatic pressure at the 
base, greater than about a half o f  this thick­
ness, or 20,000 feet. Incom plete data in hand 
suggest that, as the trough o f sedim entation 
overlapped eastward, m ost o f the sedim ent 
travelled into it from  the north (Crowell, 1957, 
p. 995 ; Ojakangas, 1964).
The third type o f  M esozoic terrane in cen­
tral California, and by fa r  the m ost perplex­
ing, is the Franciscan. It is perplexing because 
everywhere that Franciscan graywacke, m ud­
stone, conglom erate, chert, mafic and ultra- 
basic volcanic rocks, and other eugeosynclinal 
rocks have been studied, they are broken up 
and heterogeneously deform ed. Folds and 
faults exposed in rare stream cuts and roadcuts 
display a com plexity which cannot be mapped 
and followed elsewhere through  the under­
brush and beneath the m antle o f  th ick  soil. 
The m ajestic Redwood forests  effectively ob­
scure a great deal o f  geology, and unfortu ­
nately the com plex does not lend itself to con­
ventional stratigraphic attack or m apping. 
Beds or stratigraph ic units cannot be traced 
sufficiently fa r  enough across country to out­
line m ajor folds or  to determ ine structural 
grain. M oreover, the Franciscan rocks are par­
ticularly perplexing, because fossils  and iso­
topic dates show a range in age from  Late 
Jurassic to Late Cretaceous. These disturbed 
rocks are, therefore, largely coeval w ith  those 
o f the Great Valley sequence (part m ay be 
older) and at least in part w ith  those o f  the 
Klamath M ountains and S ierra  Nevada. The 
m ajor problems are to d iscover: 1) the rela­
tions o f  the Franciscan to  its ad jo in in g  coeval 
equivalents, 2 ) i t s ' fenvironment and place o f  
deposition before deform ation, including the 
nature o f  the floor on w hich it  was laid down 
and the character o f  the basin m argins, and 
3) the tim ing, style, and m agnitude o f  the sev­
eral deform ations to w hich it  has been sub­
jected. All o f  these together, w ith  their ram ifi­
cations, constitute what is com m only referred
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to by California geologists as “ the Franciscan 
problem ” . F or  those who wish to learn more 
o f  the Franciscan, the report by Bailey and 
others (1964) contains a wealth o f  inform a­
tion.
The m ixture o f  rock types w ithin the Fran­
ciscan complex includes those that are meta­
m orphic as well as those that are not. The m et­
amorphic types belong to the zeolite, blue­
schist, and eclogite facies (B ailey and others, 
1964, p. 89-112; Ernst, 1965) w ith only rare 
representatives o f  other facies. O f special in­
terest are the blueschist rocks w hich include 
jadeitized m eta-graywacke and glaucophane 
schist in particular. Recent laboratory studies 
o f  m ineral-stability relationships indicate that 
the blueschist rocks o f  the Franciscan must 
have been depressed to the neighborhood o f
70,000 feet (B ailey and others, 1964, p. I l l ;  
Ernst, 1965). D eposition and downwarping 
took place so rapidly that heat flow from  
below, plus heat generated by  radioactivity 
within the strata, was unable to reach normal 
steady-state conditions. An abnormally low 
temperature relative to pressure prevailed. 
The sediments at the bottom  o f the pile were 
not only depressed to th^se extrem e depths 
very quickly— perhaps in a few  m illion years—  
but they must also have been quickly raised 
again ; otherw ise they would have slowly 
heated up and been converted to the more nor­
mal greenschist facies. In this connection, 
studies throughout the Franciscan terrane of 
the K -feldspar content in graywackes (Bailey 
and Irwin, 1959) that were undertaken pri­
m arily to subdivide the com plex on a mineral- 
ogic-stratigraphic basis show that the oldest 
part o f the Franciscan is almost totally lacking 
in K-feldspar. These rocks would accordingly 
be expected to have had an abnorm ally low 
rate o f heat generation due to radioactive 
decay. Tectonic inclusions o f  eclogite, also in­
dicating great depth but higher temperatures, 
and masses o f serpentine are also widespread. 
All o f  these data, bearing on the rate and 
depth o f  burial o f  the older Franciscan sedi­
ments and their rapid subsequent uplift, need 
to be fitted, w ith the age o f  the sediments and 
the structural occurrence o f  the metam orphic 
portions, into the tectonic history.
The broken up aspect o f  the Franciscan ter­
rane is one o f  its distinctive characteristics. 
Almost everywhere blocks, lenses, masses, and 
slabs o f m ost o f  the Franciscan rock types—  
ranging from  unmetamorphosed graywacke to 
eclogite— lie jum bled in a sheared and finer 
matrix. Several different explanations fo r  this 
pervasive m ixing have been advanced, such a s :
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1) shearing in connection w ith  thrust faults, 
w ith  reverse faults, and with steep and deep, 
“ shear zones” ; 2 )  downslope sliding shortly 
a fter  deposition o r  later around the m argins 
o f  uplifted  high areas (ord in a ry  gravity  struc­
tu re s ), or on a giant scale over distances o f  
m any tens o f  m iles (H su , 1966) ; and 3 ) de­
form ation  w ithin d iapir or piercem ent struc­
tures (E ckel and M yers, 1946; Bailey and oth ­
ers, 1964, p. 155 ). All o f  these processes have 
probably operated at one place or another, but 
some, i f  they can be proved, are capable o f  
m oving large masses f o r  many miles and m ix ­
ing  them  in the process. These pow erful p ro ­
cesses need to be investigated especially, fo r  
they m ay contribute m ost significantly to  our 
understanding o f  the present tecton ic fram e­
work. W e need as well to  search f o r  criteria  
bearing on the tim ing o f  the processes. D ow n- 
slope sliding not long a fter  deposition lies at 
one end o f  the tim e spectrum . Pre-m etam or- 
phic, jum bled masses o f  conglom erate-breccia 
w ith  slabs o f  grayw acke and mudstone and 
pebbly mudstones have been recognized in  the 
Franciscan. Im pressive seafioor slumps occur 
in the Great Valley sequence as well, w here 
masses w ith  E arly  Cretaceous foss ils  w ere 
carried  into Late Cretaceous sediments 
(B row n  and Rich, 1960) . A t the other end o f 
the tim e spectrum , som e piercem ent structures 
w ere wholly or in  part form ed  during Pliocene 
and Pleistocene deform ation. A lon g the D i­
ablo antiform  (B ailey  and others, 1964, p. 
154 ), f o r  example, Franciscan rocks w ith  ser­
pentine were squeezed upw ards; around the 
m argins o f  the piercem ent structure upper 
T ertiary  beds stand steeply. In  such cases, it 
is extrem ely difficult t o  differentiate shearing 
form ed  between slabs during late upsqueezing 
from  that form ed before , perhaps several 
tim es, in the long h istory  o f  variable deform a­
tion  that has affected the Franciscan.
T he age o f  the Franciscan com plex and its 
stratigraphic relations to  the Great Valley se­
quence have puzzled several generations o f  ge­
ologists. Scarce but w idely scattered fossils  
range in age fro m  L ate  Jurassic (T ithon ian ) 
to  Late Cretaceous (C am panian ), a range 
w hich makes the Franciscan coeval w ith m ost 
o f  the Great Valley sequence. Som e o f  the 
Franciscan is older than  the Great Valley se­
quence in that locally i t  occurs beneath it, but 
at fe w  places has an unequivocal depositional 
contact, conform able o r  unconform able, been 
demonstrated. Because the Franciscan also 
contains m etam orphic rocks and graywackes 
w ith  less K -feldspar— this m ineral increases 
in abundance upward stratigraphically in  both
the G reat Valley and Franciscan rocks— it is 
likely th at the oldest Franciscan is older than 
the oldest Great Valley strata. N ear the Cali- 
fom ia -O regon  border, D ott (1965) has shown 
that som e m etam orphic rocks, w hich are Ox­
fordian  but perhaps also in part Callovian and 
K im m eridgian in age, are considered part o f  
the Franciscan in California. H ere there is a 
sharp break between an older m etam orphic 
“ Franciscan”  below, w ith  blueschist and 
greenschist facies rocks, and unmetamor­
phosed “ Franciscan”  above. The studies by 
Bailey and others (1964) in  the California 
Coast Ranges suggest that, unlike the S ierra 
Nevada, Klamaths, and O regon-border region, 
there is no sharp break between pre-Portland- 
ian m etam orphic rocks and post-Portlandian 
sedim entary rocks, but perhaps the break has 
not been recognized. Instead, the m etam or­
phism seems to decrease gradationally upward 
from  the maximum at the base o f  the im­
mensely thick pile w hich w as depressed deeply 
into the crust and then quickly raised. In  the 
middle o f  the trough it  m ay be that there was 
nearly continuous deposition, subsidence, met­
amorphism, and elevation, whereas on  the 
m argins sharp u p lift and deep erosion took 
place in  the late K im m eridgian o r  early P ort­
landian. Some o f  the mafic volcanic rocks now 
found w ith in  the older parts o f  the F rancis­
can terrane may be uplifted parts o f  the ba­
saltic fioor on which the sedim ents were depos­
ited. In  summary, it  seems an attractive 
w orking hypothesis to  picture Franciscan de­
position as beginning in the Callovian o r  Ox­
ford ian  in an offshore deepwater environm ent 
directly on the oceanic fioor and continuing 
very rapidly w ith sharp downbuckling and 
follow ed immediately by rapid  uplift.
The Late Cretaceous age (Cam panian) o f  
the younger part o f  the Franciscan com plex 
poses quite another problem. The question 
here is  whether deposition continued as a  m ore 
or less orderly process, w ith  som e interrup­
tions and m inor structural events in the cen­
ter o f  the Franciscan trough  until the Cam­
panian, or whether there w ere periods o f  dra­
m atic thrusting and gravitational slid ing on 
a grand scale so that m uch o f  the jum bled 
com plex is allochthonous as has been recently 
advocated by  Hsu (1 9 6 6 ). Such m ixing would 
have s t i r r ^  younger blocks and lenses 
am ongst older, all w ithin a sheared m atrix  o f  
young sediments, com m inuted older sediments, 
serpentine, and volcanic rocks. H su has 
m apped and studied several Franciscan areas, 
including the type area around San Francisco, 
but especially the “ w estern belt”  a long the
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coast near E stero Bay. He has been able to 
trace a sequence in the size o f the blocks, 
“ floating”  in matrix, from  small lenses and 
phacoids, easily studied in roadcuts and sea 
cliffs, to huge masses several miles across. Of 
particular significance are exposures which 
demonstrate an extensional fracture pattern 
rather than a compressional or shortening 
fabric . Graywacke beds at places have been 
pulled apart and the sequence thinned. In 
m any ways, the terrane is sim ilar to that o f 
the Appennines of N orthern Italy and the 
chaotic ground o f  the argille scagliose (M ax­
well and others, 1964).
Hsu (1966) has studied and classified 
blocks on the basis o f  petrography, density, 
and metamorphism. Am ong his types, he rec­
ognizes pre-Portlandian chert, greenstone, and 
interbedded elastics; these pre-Portlandian 
rocks, he considers as the only true “ Francis­
can”  rocks o f  the region. A ccord ing to him, 
these strata w ere thrust westward from  their 
counterparts in the Sierra Nevada during a 
Late Jurassic orogeny. The root zone would 
presumably lie buried but near the eastern 
edge o f the Great Valley. Follow ing the thrust­
ing, strata correlative w ith the Great Valley 
sequence were laid down unconform ably upon 
these disturbed rocks and across the region 
o f  the Coast Ranges, and deposition continued 
until about the middle o f  the Cretaceous. 
G ravity sliding on a huge scale then took place 
in  the Late Cretaceous, and fossiliferous 
younger rocks were broken into slabs. Large 
masses (som e several square miles in area 
and internally undeform ed) o f uppermost Ju­
rassic and Low er Cretaceous rocks were car­
ried on the back of chaotic Franciscan rocks 
w hich are both pre-Portlandiau and younger. 
Although the bedding and slide surfaces were 
originally subhorizontal, they now stand 
steeply as the result o f  late Tertiary fo ld in g ; 
in  the Estero Bay region, a regional, nearly 
isoclinal syncline in Miocene rocks trends 
parallel to the coast a few  miles inland. Hsu’s 
documentation o f gravity sliding on a grand 
scale is quite convincing, but it remains to be 
established how  widespread it is through the 
Franciscan terrane as a whole, and from  
w hich direction and source the sliding came. 
In  looking fo r  a source fo r  the slides, we 
should search fo r  an area where the coeval 
Great Valley beds are not now preserved, and 
w ith  regard to the m elange in the coastal belt, 
offset 200 m iles or so by Tertiary strike-slip 
movements. A ccord ing to his concept, most o f  
the Franciscan terrane shown on California 
maps is a tectonic m ixture or melange o f  many
M esozoic rocks, some in stratigraphic order, 
but m any not. The term “ Franciscan”  is 
therefore used in both a stratigraphic and a 
tectonic sense. Progress will be enhanced if  
these two usages are d istinctly separated 
and standard stratigraphic sections estab­
lished and named, even though they m ay be 
many and incomplete. Tectonic sheets need 
naming as well and given type localities so 
that as our knowledge increases we can make 
order out o f  what now is tru ly chaos. In the 
present paper, the term “ Franciscan”  is em­
ployed to include both the stratigraphic and 
tectonic usage.
Other workers in  Franciscan terranes have 
found evidence o f  m ajor thrusting. W est o f  
Stonyford, Brown (1964) has mapped a thrust 
which has carried beds o f  the Great Valley se­
quence westward fo r  about 20 miles upon a 
“ friction  carpet”  o f  Franciscan debris and ser­
pentine. The thrust is the westward extension 
of the Stony Creek fault zone which fo r  many 
miles separates the Great Valley beds from  
Franciscan rocks and is nearly everywhere fo l­
lowed by serpentine. Its straight course across 
rugged topography indicates that it is a high- 
angle fault dipping to the east and no doubt 
is one o f  the important faults in the central 
Coast Ranges. Inasmuch as Upper Cretaceous 
rocks in the v icin ity  are deform ed nearly as 
much as other rocks in the upper plate, the 
time o f  thrusting may be Tertiary and dis­
tinctly later than the post-Portlandian thrusts 
postulated by Irw in  (1964) in the Klamath 
Mountains and the Late Cretaceous gravity 
slides o f  Hsu (1966) in the Estero Bay region. 
Its steep dip and course northwestward along 
the m argin o f the Klamath region suggests 
that it may in part be the easternmost m ajor 
strike-slip fault o f  the San Andreas system 
and tie  in with the m ajor Tertiary faults o f 
Dott (1965) in  southern Oregon. Other 
thrusts have been described by  Marsh (1960) 
and W eaver (1949 ), but these are definitely 
Tertiary features. O f special interest are the 
Franciscan tracts in the northern Coast 
Ranges where the m etam orphic grade in­
creases upward from  the bottom s o f deep can­
yons to the tops o f  adjacent m ountains (Irw in, 
1960; Kilmer, 1961; Ghent, 1963), an arrange­
ment that suggests either thrusting or an 
overturned section.
The pre-Jurassic tectonic history o f  coastal 
California is obscure. H ere and there within 
the basement com plex are patches o f  metasedi- 
mentary rocks w hich show that Paleozoic and 
early Mesozoic strata w ere laid down near 
what is now the continental m argin. But tec­
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ton ic episodes o f  the distant past have not as 
yet been disentangled from  the subsequent 
record ; fortunately  they have only a m inor 
bearing on the appearance o f  a tectonic cross 
section drawn today.
THE C O N T IN E N T A L  M A R G IN
Our tecton ic cross section ends in the floor 
o f  the Pacific Ocean w here typical oceanic 
crust underlies water deeper than 12,000 feet. 
H ere, data from  seism ic velocities, sporadic 
samples obtained by dredging and coring, and 
studies o f  oceanic islands lead to the conclu­
sion that the Pacific floor consists o f  a 3- to  5- 
m ile thickness o f  basalt, perhaps with some 
serpentine that overlies the M oho discontinuity 
and mantle. A t a distance from  shore, about a 
one-half m ile thickness o f  unconsolidated sedi­
ment, m ostly mud and calcareous ooze w ith  
som e intercalated volcanic m aterial, lies above 
the basalt. The oldest sedim entary rocks so fa r  
found in the Pacific are M iddle Cretaceous (A l­
b ian ) in age (E w ing and others, 1966), but 
samples are so sparse that older lithified strata 
beneath the veneer o f  unconsolidated sedi­
ments at places may well in  tim e be d iscov­
ered. N ear the C alifornia coast, great aprons 
o f  m odern and undeform ed sediment extend 
westw ard from  the base o f  the continental 
slope (M enard, 1955). These fans are com ­
posed o f  continental detritus that has been 
carried w estw ard largely from  the m ouths o f 
subm arine canyons b y  undercurrents. The 
oceanic floor is, therefore, surprisingly thin 
and simple in structure com pared to  the 
nearby continent.
Off the coast o f  C alifornia, the Pacific floor 
(F ig . 2 ) is broken b y  several great fau lts 
w hich extend in an east-w est direction and 
can be traced oceanward fo r  over a thousand 
m iles (M enard, 1955). The ch ie f evidence fo r  
their existence is top ograp h ic ; they are 
m arked by  straight and abrupt subm arine es­
carpm ents that are am ong the m ore im pres­
sive long breaks in the earth ’s surface. M ason 
(1 9 5 8 ), V aquier (1 9 5 9 ), and others have 
mapped and studied the d istribution  o f linear 
m agnetic anomalies in  the region  o f these 
faults and have suggested that offset belts o f  
anomalies show  strike-slip  displacem ents o f  
several hundreds o f  miles. The orig in  o f  the 
m agnetic anomalies and the significance o f  the 
apparent tremendous offsets along the fault 
zones is a m ost intrigu ing problem .
Dietz (1961) and Hess (1962) have sug­
gested, in order to exp la in : 1) the apparent 
youth o f  the basaltic ocean floor, 2 ) the lack 
o f  a th ick  sedim entary veneer upon it, and 3)
the tectonic pattern, that ribbons o f  new lava 
are emplaced along the axes o f  m id-ocean 
ridges, presum ably at the point o f  uprising o f 
convection currents in the mantle. N ew  sea 
floor is thus m anufactured at the ridge crests 
which forces outward the floor ju s t  m ade; the 
sea floor, therefore, in general spreads from  
the m id-ocean ridges toward the adjacent con­
tinental m argins. V ine and M atthews (1963) 
have advanced the hypothesis that the linear 
belts o f  m agnetic anomalies are the result o f 
periodic reversals in the earth ’s m agnetic field 
taking place during this nearly continuous 
m anufacture o f  new ocean floor b y  the intru­
sion and outpouring o f basalt. This process 
would account fo r  the long linear anomalies, 
but each anomaly would have a different age. 
Those near the axis o f the m id-ocean ridge 
would be younger than those at a  distance. In 
using the offset o f  such anom alies to measure 
strike slip on the Pacific fau lt zones, the pre­
sumption is that all o f the displacem ent is 
younger than all o f  the anom alies. W ith  our 
present state o f  knowledge, such immense dis­
placements in relatively short intervals o f  
geologic tim e are unacceptable. Talwani and 
others (1965) pre fer  an explanation which 
assumes that the fault zones are ancient 
“ zones o f weakness”  and that the belts o f  lava 
with their m agnetic anomalies have been em­
placed since their origin. They conclude that 
the apparent offsets in crests o f  m id-ocean 
ridges and in anomalies are the way they are, 
perhaps because they were born that way.
This digression into ocean-floor tectonics 
has seemed desirable as background fo r  dis­
cussing the boundary between the ocean and 
continent o ff the California coast. The bound­
ary is so abrupt (F ig . 1) that a diffuse and 
steep fault zone seems required  to separate 
the thick and ancient continental rocks from  
the thin and presumably m uch younger oce­
anic floor. The contrast is not lim ited to the 
crustal rocks only, but the upper mantle below 
the Moho is somewhat less dense under the 
continents where it may consist o f  plagioclase 
peridotite rather than peridotite  as under the 
oceans, w ith  a gradational zone between 
(Thom pson and Talwani, 1964; Talwani and 
others, 1965). The M endocino and M urray 
fault zones, although exceptionally prom inent 
on the ocean floors, are fa r  less conspicuous 
east o f  the continental edge. The M endocino 
offsets the shelf and slope to the righ t fo r  
about 40 m iles along the G orda Escarpm ent 
near where the San Andreas system  passes out 
to sea. A lthough the M endocino zone cannot be 
followed farth er east in detail, it  lines up w ith
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the northern ends o f the Sierra Nevada and 
Great Valley, and with the southern edge of 
the Cascadian lava fields. W ith  regard to the 
M urray fault zone, beyond much question, 
there must be a genetic connection between it 
and the Transverse R anges; again the con­
nection seems a gross one as individual faults 
have not yet been traced directly from  the 
continent into the ocean fioor. A t present it 
seems best to consider the oceanic fault zones 
as features o f  the mantle which pass beneath 
the continental plate. W hen the resolving 
power o f  our seismic methods has improved, 
w e may be able to map them on the basis 
o f  contrasts in the elastic properties o f  the 
“ anomalous”  upper mantle. The faults are 
sharp and clear beneath the oceans, because 
here the crust is exceptionally thin and young 
and can be considered essentially as the sur­
face  expression o f the top o f  the mantle.
These considerations suggest that the conti­
nental plate is nearly uncoupled from  the man­
tle and the ocean basins; both at the base o f 
the plate and at its western m argin there may 
be a diffuse, distributive fau lt zone. Strike-slip 
fault zones, such as the Nacim iento, San Gre­
gorio, and others farther south, may emerge 
and converge from  within the continent and 
enmesh to make a m aster strike-slip fault at 
the edge o f  the plate (Crowell, 1965). A t the 
same time, the m ajor strike-slip movements of 
more than 200 miles on the San Andreas sys­
tem imply a partial separation or decolle­
ment o f  surface rocks from  those at depth. 
The hypothesis, therefore, seems attractive 
that western California is now undergoing a 
fragm entation or breaking up on m ajor 
strike-slip fa u lts ; a process that seems to have 
started in the m id-Tertiary. In fact, the penin­
sula o f  Baja California may have drifted 
northwestwards from  the mainland of M exico 
as part o f  this process (Carey, 1958; Hamil­
ton, 1961) and may have brought the Gulf o f  
California into existence. The same process 
probably originated the present-day Great 
Valley o f  California and especially the San 
Joaquin Valley which during the Tertiary re­
ceived a great thickness o f  sediment. Basins 
have developed between crustal fragm ents as 
they have moved apart or as the plastic crust 
was thinned during such movements. High 
areas and mountains have developed, under 
the basic control o f  isostasy, where blocks be­
tween faults were thickened by  compression 
or by the addition o f  material at depth (Gil­
luly, 1963). A t  places the plastic crustal plate, 
subject to movements from  below, has been 
drastically thinned so that deep “ holes”  have
form ed and m igrated horizontally through 
time. Sediment filling in these m oving holes 
has transgressed laterally, as in the case of 
the Great Valley sequence in the Sacramento 
Valley and deep late Tertiary basins in south­
ern California. Because this scheme o f tec­
tonics is largely confined to the continental 
plate— though no doubt propelled by move­
ments in the mantle below— the m ajor strike- 
slip faults, like the San Andreas, do not extend 
oceanward significantly beyond the lim it o f 
continental rocks. On F igure 1, they are 
shown as well marked solid lines in the upper 
part o f  the crust. These lines becom e more d if­
fuse but probably stronger at depth and then 
extend into the upper mantle only a short dis­
tance. The Moho is probably both a com posi­
tional and phase-changing discontinuity at 
different places or perhaps a com bination; it 
may be near a tectonic discontinuity or dis­
tributive movement zone as well.
S U M M A R Y
W estern California, as part o f  the Cordil­
leran mobile belt, has been the scene o f  nearly 
continuous deform ation and sedimentation 
since the middle Mesozoic.. Until near the end 
o f  the Jurassic, the region lay at the continen­
tal edge and was the site o f a deep eugeosyn- 
cline. Rapid downward movements, accompa­
nied by voluminous sedimentation and out­
pourings o f  basalt, carried strata to depths o f 
about 70,000 feet where the deeper portions 
were metamorphosed to the blueschist facies 
and then very quickly elevated again. Follow­
ing a possible episode o f  great thrusting, thick 
sediments were again deposited during the 
latest Jurassic and Early Cretaceous. A t times 
in the Cretaceous, thrusts and immense grav­
ity slides perhaps displaced strata within the 
geosyncline and imposed a widespread jum ­
bled structure upon the Franciscan rocks. 
W idespread clastic sedimentation continued 
during the latest Cretaceous and early Ter­
tiary. This was gradually followed by fra g ­
mentation o f  the region into mountain blocks 
and basins accompanied by both broad and 
sharp folding and dip-slip faulting. M ajor 
strike-slip faults developed and moved inter­
mittently through time, so that at present 
some, like the San Andreas, have lateral dis­
placements o f  as much as 200 miles. California 
today is still undergoing deform ation which is 
a com bination o f  compression resulting in the 
elevation o f  mountains and the depression o f  
basins in association w ith superimposed 
strike-slip faulting. In contrast, the ocean 
fioor to the west is thin, young, and simple.
UMR Journal, No. 1 (A pril 1968)
154 John C. Crowell
Great latitudinal faults, sharply marked in the 
Pacific, extend eastward beneath the continen­
tal plate but are probably largely features o f 
the upper mantle. The ancient and complex
continental plate possesses its own tectonics 
and is probably separated from  both the ocean 
fioor and the mantle by broad distributive 
movement or fault zones.
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